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Summary 
Candida albicans colonizes mucosal surfaces of humans as an opportunistic fungal 
pathogen. While being considered to be a harmless commensal in healthy individuals, it 
can cause life-threatening disseminated infections in hospitalized patients. These 
infections are thought to be caused predominantly by translocation of endogenous 
C. albicans through the intestinal epithelial barrier into the blood stream. Necessary 
prerequisites for translocation are immunosuppression and impairment of the gut 
epithelial barrier function. Such a barrier dysfunction can be caused by e.g. ischemia-
reperfusion (IR) injury occurring during major surgeries or in traumatic shock situations. 
Several in vivo studies have shown that IR injury leads to bacterial and C. albicans 
translocation. The exact role of oxygen availability for IR-mediated fungal translocation 
has however not been addressed so far. Therefore, the aim of this study was to 
investigate C. albicans-enterocyte interactions in dependence of oxygen availability, 
including constant oxygen supply within the physiological range, and hypoxic shock and 
reoxygenation as changes occurring during ischemia and reperfusion, respectively. To 
allow experimentation under controlled oxygen supply, an in vitro enterocyte model was 
used in this study. Enterocytes were able to maintain barrier function across a range of 
oxygen concentrations and in conditions mimicking hypoxic shock and reperfusion. Their 
susceptibility to C. albicans infection was however significantly influenced by oxygen: 
The shift from low to high oxygen enhanced susceptibility to infection, likely mediated by 
increased intracellular oxidative stress and alterations of tight junctions facilitating 
increased invasion of the fungus. In contrast, low oxygen concentrations and especially 
hypoxic shock were associated with less damage and partially retained barrier function. 
Additionally, fungal translocation was reduced after hypoxic shock. HIF-1α contributed to 
the protective effect, independent of the antimicrobial cathelicidin LL-37. Furthermore, 
peracute hypoxic preconditioning, compared to enterocytes constantly cultured at low 
oxygen, led to enhanced adhesion but reduced invasion and reduced hyphal growth of 
C. albicans, suggesting that oxygen-mediated changes of enterocytes also directly 
influence the fungus. Fungal adaptation to oxygen availability contributes to these 
interactions, as a C. albicans TYE7 deletion mutant showed oxygen-dependent 
alterations in virulence. Finally, this study provides evidence that the early stages of the 
infection process determine the fate of enterocytes during their interaction with 
C. albicans in an oxygen-dependent manner. In summary, this study demonstrates that 
oxygen availability significantly influences the interaction between C. albicans and the 
intestinal barrier by affecting both host cells and pathogen. 
ii  
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Zusammenfassung 
Candida albicans besiedelt menschliche Schleimhäute als opportunistischer 
Krankheitserreger. Während er in gesunden Menschen als harmloser Kommensale 
betrachtet wird, kann dieser Pilz lebensbedrohliche, disseminierte Infektionen in 
hospitalisierten Patienten hervorrufen. Es wird angenommen, dass diese Infektionen 
hauptsächlich durch die Translokation der endogenen C. albicans-Population durch die 
intestinale Epithelbarriere in den Blutstrom verursacht werden. Notwendige 
Voraussetzungen für eine Translokation und disseminierte Infektion sind 
Immunsupprimierung und Beeinträchtigung der Barrierefunktion des Darmepithels. 
Barrierestörungen können bspw. durch Ischämie-Reperfusion (IR) hervorgerufen 
werden, die während aufwendiger Operationen oder in traumatischen Schocksituationen 
auftritt. Mehrere in vivo-Studien haben gezeigt, dass IR-Schädigung zu bakterieller und 
C. albicans-Translokation führt. Die genaue Bedeutung der Sauerstoff-Verfügbarkeit für 
die IR-vermittelte Translokation des Pilzes wurde jedoch bisher nicht adressiert. Daher 
war das Ziel dieser Arbeit, die C. albicans-Enterozyten-Interaktion in Abhängigkeit der 
Sauerstoff-Verfügbarkeit zu untersuchen, sowohl unter konstanter Sauerstoff-
Versorgung innerhalb des physiologischen Bereichs, als auch bei Schwankungen wie sie 
im hypoxischen Schock und bei der Reperfusion auftreten. Um eine 
Versuchsdurchführung unter kontrollierter Sauerstoff-Versorgung zu gewährleisten, 
wurde ein in vitro-Enterozyten-Modell verwendet. Die Barrierefunktion der Enterozyten 
wurde bei konstanter Verfügbarkeit von 1 % - 21 % Sauerstoff und auch bei plötzlichen 
Schwankungen in diesem Bereich aufrechterhalten. Die Anfälligkeit der Enterozyten 
gegenüber der Infektion mit C. albicans wurde jedoch erheblich durch Sauerstoff 
beeinflusst: Der Wechsel von wenig zu viel Sauerstoff erhöhte die Empfindlichkeit 
gegenüber der Infektion, vermutlich aufgrund der intrazellulären Akkumulation von 
Sauerstoffradikalen und einer erhöhten Invasionsrate des Pilzes. Im Unterschied dazu 
waren niedrige Sauerstoff-Konzentrationen, insbesondere hypoxischer Schock, mit 
geringer Schädigung und partiell erhaltener Barrierefunktion assoziiert. Zusätzlich war 
die Translokation des Pilzes nach hypoxischem Schock reduziert. HIF-1α trug 
unabhängig vom antimikrobiellen Cathelicidin LL-37 zu diesem protektiven Effekt bei. Im 
Vergleich zu Enterozyten, die konstant bei niedrigem Sauerstoff kultiviert wurden, führte 
die perakute hypoxische Vorbehandlung des Weiteren zu erhöhter Adhäsion aber 
verminderter Invasion und reduziertem Hyphenwachstum von C. albicans. Dies deutet 
darauf hin, dass Sauerstoff-vermittelte Veränderungen der Enterozyten auch direkt den 
Pilz beeinflussen. Die Anpassung des Pilzes an die Sauerstoff-Verfügbarkeit trägt zu 
diesen Interaktionen insofern bei, als dass eine C. albicans TYE7 Deletionsmutante 
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Sauerstoff-abhängige Virulenz-Veränderungen aufwies. Schließlich liefert diese Studie 
auch Anhaltspunkte dafür, dass frühe Phasen des Infektionsverlaufes das Schicksal der 
Enterozyten während ihrer Interaktion mit C. albicans in Sauerstoff-abhängiger Art und 
Weise bestimmen. Zusammenfassen betrachtet, zeigt diese Studie, dass die Sauerstoff-
Verfügbarkeit über Effekte sowohl auf die Wirtzellen als auch auf das Pathogen die 
Interaktion zwischen C. albicans und der intestinalen Barriere maßgeblich beeinflusst. 
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1. Introduction 
Members of the microbial community inhabiting humans have to adapt to the 
environmental conditions in the respective body niche to establish themselves as stable 
members of the microbiota. Depending on the host site microbes need to adapt to e.g. 
pH, nutrient availability and oxygen availability 1. The highest oxygen concentrations are 
found on the skin, in the airways and the oral cavity, but the majority of the microbiota in 
the human body has to cope with strongly reduced oxygen levels compared to 
breathable air (~21 % O2) 
2,3. Almost anoxic conditions are found in the lumen of the 
gastrointestinal tract (GIT) where in healthy individuals a diverse microbial community 
mediates protection against enteropathogens, contributes to the utilization of nutrients 
and immune homeostasis 4-6. The majority of the microbiota in the GIT are bacteria with 
Bacteroidetes and Firmicutes as the dominating phyla 5,7. Besides bacteria, the gut 
microbiota consists of viruses, archaea and eukaryotes (mainly fungi, but also 
protozoa) 4,5,7-10. Among the non-bacterial microbes within the GIT microbiota, fungi are 
the best studied but have still received little attention compared to bacteria 11. The most 
common fungal species found in the GIT belong to the genera Candida, Cladosporium 
and Saccharomyces 7,8,11 with Candida albicans being the most frequently found fungus 
11,12. 
1.1. C. albicans as a human pathogen 
Among more than 150 described Candida species, only 10 % are known to be 
responsible for human infections 13-15. The two main types of these infections are 
superficial and disseminated or deep-seated candidiasis 16,17. Superficial mucosal 
Candida infections, like vulvovaginal candidiasis (VVC) or oral thrush, frequently occur in 
immunocompromised patients, like HIV-infected individuals, and are easy to handle 
13,16,18. But also immunocompetent people commonly suffer from superficial Candida 
infections 13. VVC affects approx. 50 % - 75 % of women in their reproductive years 18,19. 
Oral Candida infections are common in babies and in the elderly, especially in those 
wearing dentures 18,20. In contrast, disseminated candidiasis is a severe and life-
threatening infection occurring in critically ill and hospitalized patients, often associated 
with the application of broad-spectrum antibiotics, catheters, and gastrointestinal trauma 
or surgery 17,18,21. Further risk factors for the development of candidiasis are neutropenia, 
organ transplantation, cancer chemotherapy, surgical procedures of the abdomen and 
extended stays in intensive care units 13,16,18. After Candida enters the bloodstream, 
infection can involve nearly all inner organs of the human body 16. These systemic 
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infections are associated with high mortality rates of up to 50 % 13,14,16,18,22. Thus, there is 
a great need for more sensitive and specific diagnostic tools and for more effective 
antifungal therapies although many antifungal agents are available. Within disseminated 
candidiasis, candidaemia (Candida isolation from the blood stream) and isolated 
infections of one or several organs can be distinguished 13,23. With medical advances and 
an increasing population of patients at risk, Candida species are nowadays the fourth 
most common cause of nosocomial bloodstream infections 14,16,18,24 with C. albicans 
being the most common cause of candidiasis and the most frequently found Candida 
species from deeper tissue, blood and organs 14,16.  
C. albicans is an opportunistic fungal pathogen that colonizes human mucosal surfaces 
in healthy individuals as part of the normal microbiota in the oral cavity, vagina, and GIT 
17,25-27 in 30 % - 75 % of healthy people 13,19,20. The GIT is thought to be the main source 
of disseminated C. albicans infections 12,28-30. An imbalance of the microbiota due to 
antibiotic treatment in combination with immunosuppression, enhancing colonization, 
and impairment of gut epithelial barrier function are prerequisites for the translocation of 
C. albicans from the GIT into the blood stream and internal organs leading to severe 
disseminated infections 13,16-18,21,31,32. But so far, little is known about the process of 
translocation through the gut epithelium and the subsequent dissemination of 
C. albicans.  
1.1.1. Virulence attributes 
C. albicans is a polymorphic fungus and can grow as classical spherical yeast (“white 
form”), filamentous pseudohyphae, true hyphae, chlamydospores and various yeast-like 
morphologies like opaque, GUT and gray cells 33-37. Whereas the opaque morphology is 
linked to mating and biofilm formation 15,34, both the yeast and hyphal growth form 
contribute to fungal virulence 38. Yeast cells are proposed to be crucial for the 
dissemination of C. albicans via the bloodstream while fungal hyphae are essential for 
the penetration and invasion into epithelial cells and host tissues 15,36,38. Furthermore, 
hypha formation is associated with the expression of virulence factors 14,36 which are 
important for the shift from the commensal to the pathogenic life style by mediating 
colonization, adherence and invasion to host surfaces and tissue damage 15,16. These 
hypha-associated factors include adhesins, like the agglutinin-like sequence 3 (Als3) 
protein and the hyphal wall protein 1 (Hwp1), secreted hydrolases, like the secreted 
aspartyl proteinases (Saps) Sap4 – 6, and candidalysin, the first identified fungal peptide 
toxin which directly damages epithelial membranes 15,38-40. Further virulence factors of 
C. albicans are mannosyltranferases, which modify the fungal cell wall necessary for 
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adherence, invasins like the heat shock protein 70 (Hsp70) family member Ssa1, as well 
as secreted hydrolytic enzymes like lipases and phospholipases 16,41-44. Biofilm formation 
and the response to environmental stressors like reactive oxygen species (ROS) via 
superoxide dismutases (Sods) are also important virulence attributes of 
C. albicans 13,15,16,38. Metal acquisition, especially of zinc, iron, copper and manganese, 
pH sensing and metabolic adaptation are furthermore essential for the adaptation to 
different host niches and, therefore, are crucial for survival and avoiding host immune 
response 14-16,38,45. 
1.2. Adaptation of C. albicans to hypoxia 
During commensal growth at mucosal surfaces in the urogenital tract and in the GIT as 
well as during invasive growth into deeper tissues and organs in the context of systemic 
infections, C. albicans has to withstand and to adapt to different oxygen availabilities 
especially hypoxia and almost anoxic conditions in the gut lumen. Hypoxic conditions 
enhance filamentous growth, especially in the presence of high CO2 levels, induce 
ethanol production via fermentation of glucose and promote further metabolic changes 
towards glycolysis and fatty acid production 46-48. Furthermore, hypoxia increases the 
ergosterol biosynthesis and thus leads to alterations in cell wall and membrane 
structure 47,48. The transcriptional response to hypoxia occurs within the first 30 min 48 
showing that C. albicans is able to rapidly adapt to oxygen changes.  
1.2.1. Crucial factors for hypoxic adaptation of C. albicans 
Transcriptional analysis of C. albicans during hypoxia revealed several factors involved 
in the adaptation to hypoxic conditions 47. The most important factors for hypoxic 
adaptation are Efg1, Ace2, Tye7 and Upc2 48-50.  
Efg1, the essential positive regulator of C. albicans morphogenesis at ambient 
(~ 21 % O2) conditions 
51, is also required for biofilm formation 52. Its role in filamentation 
at hypoxia is temperature-dependent: Efg1 acts as an inducer of hyphal morphogenesis 
at 37 °C but represses filamentation at temperatures below 37 °C 53. The respective 
counterpart for hyphal morphogenesis during hypoxia at lower temperatures (25 °C, 
30 °C) is Ace2 which forms a regulatory hub with Efg1 to control C. albicans 
morphogenesis at these conditions 54. But Ace2 is also required for the filamentation 
during hypoxia at 37 °C 54,55.  
The depletion of ergosterol levels from fungal membranes during hypoxia, which is due 
to the reduced ergosterol biosynthesis because of the reduced oxygen availability, is 
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sensed by membrane-bound sterol regulatory element-binding proteins (SREBPs) 47. In 
the human fungal pathogens Cryptococcus neoformans and Aspergillus fumigatus as 
well as in the fission yeast Schizosaccharomyces pombe, SREBPs regulate the 
expression of genes involved in ergosterol biosynthesis after their proteolytic activation 
47,50. A direct SREBP homolog in C. albicans has not been identified yet, but Upc2 
shares functional similarities with these transcriptional regulators 49,50. The C-terminus of 
Upc2 binds ergosterol which represses its transcriptional activity 56. Thereby, ergosterol 
depletion during hypoxia leads to de-repression and activation of this zinc finger 
transcription factor 47,50,56. The dissociation of ergosterol at hypoxic conditions leads to 
the relocalization of Upc2 from the cytosol to the nucleus and induces the expression of 
genes involved in the oxygen-dependent part of the ergosterol biosynthesis 56,57. 
Additionally, the expression of UPC2 is upregulated in response to hypoxia mediated by 
Tye7 48. This transcription factor is involved in the complete activation of the glycolytic 
genes at hypoxic conditions which occurs initially during hypoxia 48,58,59. This allows a 
rapid adaptation to low-oxygen conditions and facilitates the maintenance of ATP 
production 58. Furthermore, Tye7 is involved in the activation of fermentation and is 
required for efficient biofilm formation by upregulating glycolytic gene expression and 
preventing uncontrolled hyphal formation 58,59. Thus, Tye7 is a central transcriptional 
regulator of the carbohydrate metabolism 59. It is also important for GIT colonization and 
proliferation of C. albicans in a murine GIT colonization model 48,59,60.  
1.3. The gastrointestinal tract 
With an area of approx. 250 – 400 m2 the GIT is one of the major interfaces between the 
host, the environment and antigens in the human body 61,62. Furthermore, the GIT 
harbors a huge abundance of microorganisms which aids the host by providing nutrients, 
and thus energy, protecting against pathogens, and developing and regulating host 
immunity 61-63.  
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Figure 1: Schematic structure of the human GIT. The segments representing the GIT are the 
esophagus, the stomach, the small intestine and the large intestine or colon. Adapted from 
PubMed Health (www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022856/) 
64
. 
The GIT consists of the esophagus, the stomach, the small intestine and the large 
intestine, also named colon 65-67 (Figure 1). As the foremost part, the esophagus 
transports the food from the mouth to the stomach where the solid food is stored, 
predigested, and fragmented and homogenized via peristalsis 65,66. The following 
intestinal tract is divided into the small and the large intestine 65. With a length of approx. 
4 m, the small intestine is the longest part of the GIT 66. It consists of the duodenum, the 
jejunum and the ileum, and is responsible for food digestion and absorption of nutrients 
65,66. In the large intestine, consisting of colon and rectum with a total length of approx. 
1.5 m, water and electrolytes are reclaimed and the feces are formed 65,66. In addition to 
its digestive and absorptive function, the GIT is an important immunological system 
providing appropriate immune responses by functioning as a barrier against 
enteropathogens and, at the same time, mediating tolerance to harmless commensals 
and food antigens 62,65,68. 
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Figure 2: Schematic section of the GIT tissue. Each segment of the GIT can be classified into 
four layers, which are quite similar among the segments. The serosa represents the outer layer, 
followed by the smooth muscle cells of the muscularis propria and the vascular network in the 
submucosa. The mucosa forms the innermost layer and consists of the muscularis mucosa, the 
lamina propria and the epithelial cells facing the lumen. Adapted from the American Joint 
Committee on Cancer (https://cancerstaging.org/references-tools/quickreferences/Documents/ 
ColonMedium.pdf) 
69
. 
The segments of the GIT share similarities regarding their anatomy, as they consist of 
four layers, and are interconnected by connective tissue, neural and vascular elements 
(Figure 2) 65,66. Whereas the outer surface, the serosa, serves as a protective layer and 
consists of squamous epithelial cells, the adjacent muscularis propria, containing smooth 
muscle cells, is responsible for the contractile peristaltic movement 65. The adjoining 
submucosa contains a vascular network, which is essential for oxygen delivery and 
nutrient transport, and comprises a variety of immune cells 6,62,66. The innermost layer of 
the GIT, the mucosa, is the most complex and most important layer as it has an 
adsorptive function and faces the content of the intestinal lumen 65. The mucosa contains 
a sheet of smooth muscle cells, the muscularis mucosae, lying at the base of the lamina 
propria which consists of connective tissue and lymph nodes 62,65. Attached to this 
basement membrane, a single layer of epithelial cells and intraepithelial immune cells 
forms the inner layer of the GIT 62,65. 
1.3.1. The intestinal epithelium 
Besides being the largest mucosal surface of the human body 62, the intestinal epithelium 
is the most vigorously self-renewing tissue of adult mammals 70,71. It consists of a single 
layer of columnar epithelial cells which are organized into crypts and villi, with the latter 
being present only in the small intestine 62,72 (Figure 3).  
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Figure 3: Structure of the intestinal epithelium. Intestinal epithelial stem cells (IESCs) 
reside in the crypts and differentiate into absorptive enterocytes, enteroendocrine cells, 
goblet cells and Paneth cells. During their differentiation, these cells migrate toward the lumen, 
as indicated by dashed arrows, and are shed into the lumen from the top of the villi in the small 
intestine or from the surface between the crypts in the colonic epithelium. The exception therefor 
are Paneth cells which stay at the bottom of the crypts in the small intestine. The production of 
mucus and antimicrobial peptides (AMPs) by intestinal epithelial cells (IECs) contributes to the 
intestinal mucosal barrier as well as secretory Immunoglobulin A (sIgA) produced by lymphocytes 
from the lamina propria. Adapted from Peterson and Artis, 2014 
62
. 
The intestinal epithelial layer is continually renewed by intestinal epithelial stem cells 
(IESCs) residing in the base of the crypts 62,70-72. The IESCs give rise to a pool of 
multipotent progenitor cells which are highly proliferative und undifferentiated 72,73. When 
these progenitor cells begin to differentiate, they migrate toward the lumen and are shed 
either from the tip of the intestinal villi or from the mucosal surface between the crypts of 
the colonic epithelium 67,70. Thus, the crypts of the intestinal epithelium are the 
proliferative but immature compartment whereas the villi contain differentiated epithelial 
cells which are unable to divide 67,70,72,73. The IESCs can differentiate into four specialized 
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cell types: the absorptive enterocytes being highly polarized and characterized by a 
luminal brush border, the goblet cells which produce a protective mucus barrier, the 
hormone-secreting enteroendocrine cells regulating digestion, and the Paneth cells 
which secrete antimicrobial peptides (AMPs) 62,70-73. The latter are absent in the colonic 
epithelium where absorptive enterocytes ensure the AMP secretion 71,72,74. Whereas 
absorptive enterocytes, goblet cells and enteroendocrine cells migrate toward the 
intestinal lumen, Paneth cells stay at the bottom of the crypts 71,72.  
1.3.2. The intestinal mucosal barrier 
The intestinal epithelium contributes to the mucosal barrier function via the secretion of a 
mucus layer by goblet cells, and the release of AMPs, like defensins, cathelicidins and 
lysozyme, which can be secreted by all intestinal epithelial cells (IECs) but particularly by 
Paneth cells 62,74-76. Between IECs tight junctions ensure a tight paracellular barrier 
preventing the movement of ions and solutes but also microbes and intraluminal 
pathogens from the intestinal lumen to the underlying tissue 68,77,78. These intercellular 
junctions are the most apical structures of the junctional complex which further 
comprises adherens junctions and desmosomes 79,80. Furthermore, the gut associated 
lymphoid tissue (GALT), comprising mesenteric lymph nodes, Peyer’s patches and 
lymphoid cells, contributes to the intestinal barrier by inducing the initial mucosal immune 
response 32,62,81,82. The GALT is the largest component of lymphoid systems protecting 
the GIT from the stomach to the colon 32,82. The large amount of scattered lymphoid cells 
(B and T cells), macrophages and dendritic cells in the lamina propria and the intestinal 
epithelium are responsible for the local immune response and provide a disseminated 
immunity throughout the intestine 32,81. These effector sites for example produce 
secretory Immunoglobulin A (sIgA) via plasma B cells which is transported across the 
epithelial barrier via transcytosis 32,62. The Peyer’s patches, which are lymphoid 
aggregates in the submucosa containing dendritic, B and T cells, are covered by the 
follicle-associated epithelium consisting of microfold (M) cells amongst other IECs 
62,81.These M cells, which also overlay isolated lymphoid follicles 62, are a specialized 
population of epithelial cells and mediate the uptake, transport and presentation of 
luminal antigens and microorganisms to the underlying lymphoid tissue 62,73,81. The 
uptake of antigens by M cells leads to the induction of antigen-specific sIgA, which 
prevents microbial adhesion to epithelial cells suppressing pathogenic infection, and thus 
contributes to the mucosal immunosurveillance 83. 
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1.4. Oxygen availability in the gut 
The intestinal epithelium is subjected to profound fluctuations in blood flow on regular 
intervals throughout a day due to food intake and fasting periods 84-87. The blood flow in 
the small intestine increases after meals, known as postprandial hyperaemia, necessary 
to facilitate efficient absorption and transport of nutrients 86,88. In contrast, the blood flow 
in the colon is influenced by short-chain fatty acids, like acetic and butyric acid, which are 
produced by the gut microbiota 4,63,86. Furthermore, there is also a steep oxygen gradient 
along the crypt-to-villus axis due to the vascular oxygen supply; this is mediated by the 
rich vascularization of the subepithelial mucosa, the exposure of epithelial cells to the 
anoxic lumen, and the countercurrent shunt (Figure 4) 84-88.  
 
Figure 4: Schematic model of blood flow and oxygen availability in the intestinal 
epithelium. A countercurrent shunt is responsible for the generation of a steep oxygen gradient 
along the crypt-to-villus axis. Oxygen diffuses from the arterial blood to the adjacent venules. 
Thus, the oxygen gradient ranges from ~ 15 % - 8 % O2 at the border to the submucosa to almost 
anoxic conditions in the intestinal lumen. Adapted from Colgan et al., 2016 
89
. 
The countercurrent blood flow in the intestinal villi leads to the diffusion of oxygen from 
the arterial blood to the adjacent venules which reduces the oxygen content reaching the 
epithelium surface or the villus tip, respectively 86,89. Thus, the oxygen availabilities range 
from 15 % - 8 % O2 at the border to the submucosa to 3 % - 1 % O2 at the tip of the villus 
while almost anoxic conditions occur in the intestinal lumen 6,85-87,89. The luminal oxygen 
concentration furthermore decreases along the longitudinal axis from the duodenum to 
the colon 86. 
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1.4.1. Oxygen availability during pathophysiological situations 
Besides the temporal fluctuation and the wide range of physiological oxygen availability 
in the GIT, a variety of pathophysiological situations like mesenteric arterial embolism, 
major surgery, organ transplantation, trauma, shock or sepsis affects the oxygen levels 
in the GIT, leading to intestinal ischemia, followed by reperfusion if the underlying 
condition improves or resolves 90-92. Depending on the duration of the ischemic period, 
the intestinal epithelial barrier can be severely impaired by hypoxia 93,94. However, the 
subsequent period of reoxygenation during reperfusion leads to even more severe 
cellular damage, tissue disruption and inflammation, which can induce a multiple organ 
dysfunction syndrome 90,91,93-95. Thereby, ischemia-reperfusion (IR) injury leads to high 
morbidity and mortality rates 90. 
The production of ROS during intestinal IR, especially during the reperfusion period, 
severely damages the cellular membranes via lipid peroxidation leading to severe tissue 
injury and loss of barrier integrity 92,95-98. During physiological conditions, enzymes of the 
endogenous antioxidant defense system, like Sods and glutathione (GSH), prevent 
cellular damage by ROS 95,98. However, these mechanisms are attenuated during 
pathophysiological IR due to the decreased effectiveness of the antioxidant defense 
system or since the production of ROS exceeds the capacity of antioxidant enzymes 98. 
Furthermore, toxic metabolic byproducts accumulate intracellularly during the ischemic 
period, are flushed into the blood stream and are transported to distant organs when the 
tissue is reperfused, thereby leading to tissue dysfunction 94,99. The impairment of the 
intestinal epithelial barrier integrity increases the intestinal permeability which enhances 
bacterial translocation, thereby leading to infectious complications after IR 90,92,95.  
1.4.2. Regulation of oxygen responses by HIF-1α 
The adaptation of human cells to low oxygen conditions is mediated by the hypoxia-
inducible factor (HIF), the key regulator of hypoxic adaptation 100. Its transcriptional 
activity is determined by the HIF-1α subunit which is constitutively translated but post-
translationally modified in an oxygen-dependent manner 101,102 (Figure 5).  
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Figure 5: Post-translational regulation of HIF-1α stability. The constitutively translated HIF-1α 
subunit is subject to an oxygen-dependent post-translational modification. During oxygen-rich 
conditions, HIF-1α is hydroxylated and, thus, ubiquitinated via the von Hippel Lindau protein 
(VHL). This leads to the proteasomal degradation of HIF-1α. In contrast, during hypoxia this α-
subunit is stabilized, translocates to the nucleus and, with the constitutively expressed and stable 
HIF-1β, it forms the heterodimer HIF. This transcription factor binds to hypoxic responsible 
elements (HRE) inducing the expression of its target genes. Adapted from Chen et al., 2016 
101
. 
The HIF-1α stability is regulated by prolyl hydroxylases (PHDs). In the presence of 
oxygen, PHDs modify proline residues of HIF-1α via hydroxylation leading to 
polyubiquitination by the von Hippel Lindau protein (VHL), an ubiquitin ligase, which 
initiates the subsequent proteasomal degradation of HIF-1α 101-103. In the absence of 
oxygen, HIF-1α is stabilized and accumulated, and translocates to the nucleus where it 
dimerizes with the constitutively expressed HIF-1β subunit 100,103,104. The resulting 
heterodimeric basic helix-loop-helix transcription factor HIF now binds to hypoxic 
responsible elements (HRE) in the promotor regions of its target genes 100,101,104. 
Thereby, HIF orchestrates the metabolic shift to anaerobic glycolysis and increased 
lactic acid production to maintain cellular energy production at hypoxia 100,103,104. HIF is 
involved in the regulation of angiogenesis, glucose transport, glycolysis, erythropoiesis, 
migration, and cell proliferation and survival 100,103-106. Furthermore, due to its decisive 
role for the transcriptional activity of HIF, HIF-1α contributes to the stability of the 
intestinal epithelium barrier and mucosal immunity al low oxygen by promoting the 
production of AMPs and pro-inflammatory cytokines 87,89,107. In addition, HIF-1α is 
involved in the protection and defense against fungal and bacterial infections 107-110. 
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1.5. Interaction of C. albicans with epithelial cells 
C. albicans is a common member of the gut microbiota and therefore in close proximity 
with the intestinal epithelial cell layer interacting with these enterocytes 111. The initial 
interaction step is the adhesion of C. albicans yeast cells to epithelial cells via the 
interaction of fungal cell wall components with the surface of the host cells 40,112. These 
interactions are on the one hand non-specific due to hydrophobicity, Brownian 
movement forces or repulsive effects of the electrical double layer of cells 22,40. In 
addition, specific protein-protein interactions mediate adhesion of C. albicans to epithelial 
cells e.g. via binding of the fungal adhesion protein Als3 to the adherens junction protein 
E-Cadherin or the covalently linkage of the adhesin Hwp1 to epithelial surface proteins 
40,112,113. The adhesion of yeast cells to the epithelium triggers the filamentation of 
C. albicans which can adhere more strongly to the epithelial cells due to the enhanced 
expression of adhesins 40. The formation of hyphae on host cells is associated with the 
subsequent invasion of C. albicans into epithelial cells 114. This is realized by both 
induced endocytosis and active penetration 113,115. Whereas induced endocytosis occurs 
early during this interaction and is a host driven-mechanism involving Als3/Ssa1-E-
Cadherin interaction and host actin cytoskeleton redistribution 40,44,113,115-117, active 
penetration is fungal-mediated by hyphae invading into epithelial cells supported by 
secreted hydrolases, like the Sap family, affecting epithelial cell-cell-junctions 40,113,118,119. 
Both invasion routes occur in oral epithelial cells 115. In contrast, the main invasion route 
of C. albicans into IECs is active penetration 115,120. Only if tight junctions are impaired, 
induced endocytosis can contribute to invasion into enterocytes 115,121. Fungal invasion 
leads to tissue destruction in which candidalysin plays a key role by directly damaging 
epithelial cells 39,120. These processes lead to fungal translocation via the transcellular 
route due to decreased epithelial barrier integrity and tight junction impairment 120,122.  
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2. Aims of this study 
The C. albicans population in the GIT is the main source of disseminated Candida 
infections; in hospitalized patients subjected to major surgeries or traumatic shock 
situation the development of IR which results in the dysfunction of the intestinal epithelial 
barrier and increased barrier permeability enhances bacterial translocation. An in vivo rat 
model furthermore demonstrated C. albicans translocation and dissemination during IR 
injury 123. This suggests that the shifts in oxygen availability during IR might affect 
C. albicans translocation and subsequent dissemination. Although several studies 
investigated in the interaction of C. albicans with enterocytes with regard to the 
translocation process and fungal factors involved 120,122, these in vitro investigations were 
conducted at ambient (~ 21 % O2) conditions. Thus, this study aimed to investigate the 
role of physiological oxygen levels on fungal-host interaction and the impact of oxygen 
shifts mimicking hypoxic shock or reoxygenation as they occur during IR.  
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3. Materials and Methods 
3.1.  Materials 
3.1.1. C. albicans strains 
The C. albicans strains used in this study are listed in Table 1. Unless stated otherwise, 
the C. albicans wild-type (wt) strain SC5314 was used for experiments performed during 
this study. 
Table 1: C. albicans strains used in this study 
Strain Genotype Parental 
strain 
Reference 
SC5314 Prototrophic clinical isolate − 124 
CAF2-1 ura3::imm434/ura3::URA3 SC5314 125 
Parental strain of 
deletion mutants 
complemented for 
auxotrophies 
arg4::dpl200/arg4::dpl200 
leu2::dpl200/LEU2 his1::hisG/HIS1 
ura3::imm434/ura3::URA3 
iro1::imm434/iro1::IRO1 
SN152 126,127 
ssa1∆∆ ura3::imm434/ura3::imm434 
ssa1::FRT/ssa1::FRT 
ssa2::FRT::URA3::SSA2/SSA2 
CAF4-1 44,128 
ssa1∆∆ + SSA1 ura3::imm434/ura3::imm434 
ssa1::FRT/ssa1::FRT 
ssa2::FRT/SSA2 
rps10::URA3::SSA1/RPS10 
ssa1∆∆ 44 
ace2∆∆ ace2::C.d.HIS1/ace2::C.m.LEU2 SN152 126 
efg1∆∆ efg1::C.d.HIS1/efg1::C.m.LEU2 SN152 126 
tye7∆∆ tye7::C.d.HIS1/tye7::C.m.LEU2 SN152 126 
upc2∆∆ upc2::C.d.HIS1/upc2::C.m.LEU2 SN152 126 
 
3.1.2. Cell lines 
The human enterocyte cell lines listed in Table 2 were used as in vitro models to study 
the interaction of C. albicans with IECs. These cell lines were commercially obtained 
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from the “Deutsche Sammlung von Mikroorganismen und Zellkulturen” (DSMZ) or the 
American Type Culture Collection (ATCC®), respectively. 
Table 2: human cell lines used in this study 
Cell line Cell type Cultivation medium Source/Nr. 
Caco-2 Colon 
adenocarcinoma 
DMEM (Dulbeccos Modified Eagle’s 
Medium), 10 % heat-inactivated FCS 
(fetal calf serum) 
DSMZ/ACC 169 
C2BBe1 Colon 
adenocarcinoma 
DMEM, 10 % heat-inactivated FCS, 
10 µg/ml human holotransferrin 
ATCC®/CRL-
2102™ 
3.1.3. Antibodies 
Table 3: Antibodies used in this study 
Antibody Produced in Company Application 
Anti-C. albicans Rabbit Acris Antibodies Adhesion/Invasion 
Anti-rabbit  
Alexa Fluor® 488 
Goat Invitrogen Adhesion/Invasion 
Phalloidin DyLight® 
594 
  ̶ Invitrogen Adhesion 
Anti-rabbit  
Alexa Fluor® 647 
Chicken Invitrogen Invasion 
Anti-HIF-1α Mouse BD Transduction 
Laboratories™ 
Western Blot 
Anti-Claudin-4 
(clone 3E2C1) 
Mouse Invitrogen Western Blot 
Anti-Occludin Rabbit Invitrogen Western Blot 
Anti-E-Cadherin Goat R&D Systems Western Blot 
Anti-pan-Actin 
(clone D18C11) 
Rabbit Cell Signaling 
Technology® 
Western Blot 
Anti-CEACAM1 
(clone C5-1X) 
Mouse ReliaTech GmbH Western Blot 
Anti-CEACAM6 
(clone 1H7-4B) 
Mouse EMD Millipore Western Blot 
Anti-14-3-3 
(clone H8) 
Mouse Santa Cruz Western Blot 
Anti-goat-HRP Rabbit Invitrogen Western Blot 
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Anti-rabbit-HRP Goat Cell Signaling 
Technology® 
Western Blot 
Anti-mouse-HRP Horse Cell Signaling 
Technology® 
Western Blot 
Anti-mouse-HRP Goat Dianova Western Blot 
 
3.1.4. Media and chemicals 
All media, buffers, commercially available kits, chemicals and enzymes used in this study 
are listed in Table 4 – Table 7. 
Table 4: Media used in this study 
Medium Composition Application 
YPD medium 1 % yeast extract, 2 % D-glucose, 
2 % peptone 
C. albicans growth curves 
and overnight cultures 
YPD agar 1 % yeast extract, 2 % D-glucose, 
2 % peptone, 2 % agar-agar 
Cultivation of C. albicans  
DMEM with phenol 
red 
Commercially obtained from 
Gibco®; see 129 
Enterocyte cultivation, 
infection experiments 
DMEM without phenol 
red 
Commercially obtained from 
Gibco®; see 130 
Translocation Assay 
 
Table 5: Buffers used in this study 
Buffer Composition Application 
PBS II 140 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 
1.8 mM KH2PO4; pH 7.4 
All experiments as 
indicated 
PBST PBS II; 0.01 % Tween20 Adhesion/Invasion 
RIPA lysis 
buffer  
(Merck 
Millipore) 
50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 
0.25 % Deoxycholic acid; 1 % NP-40;  
1 mM EDTA 
Cell lysis for protein 
quantification by SDS-
PAGE/ Western Blot 
1x Sample 
lysis buffer  
(1x SLB) 
10 % Glycerol; 2 % SDS; 5 % 
β-mercaptoethanol; 62.5 mM Tris, pH 6.8; 
Bromophenol blue only for SDS-PAGE 
Cell lysis for HIF-1α 
quantification by SDS-
PAGE/Western Blot; 
Denaturation of 
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proteins for SDS-PAGE 
Separation gel 
buffer (SGB) 
2 M Tris, pH 8.8 SDS-PAGE 
Sollection gel 
buffer (CGB) 
0.5 M Tris, pH 6.8 SDS-PAGE 
5x Lämmli 
buffer 
50 % Glycerol; 14.5 % SDS; 0.3 M Tris, 
pH 6.8; 0.015 % Bromophenol blue 
SDS-PAGE 
SDS-PAGE 
buffer 
200 mM Glycine; 25 mM Tris; 3.5 mM SDS SDS-PAGE 
Blotting buffer 200 mM Glycine; 25 mM Tris Western Blot 
TBST, pH 7.6 10 mM Tris; 100 mM NaCl; 0.9 mM Tween 20 Western Blot 
 
Table 6: Kits used in this study 
Kit Company Application 
Cytotoxicity Detection Kit Roche Damage Assay 
Pierce™ BCA Protein 
Assay Kit 
Thermo Fisher Scientific Protein concentration 
determination 
Human IL-8 ELISA eBioscience IL-8 quantification 
Human IL-6 ELISA eBioscience IL-6 quantification 
Human MCP-1 ELISA eBioscience MCP-1 quantification 
Human LL-37 ELISA Hycult®Biotech LL-37 quantification 
DCFDA Cellular ROS 
Detection Assay Kit 
Abcam® Quantification intracellular 
ROS production 
 
Table 7: Chemicals and enzymes used in this study 
Name Company Application 
FCS Bio&Sell Enterocyte cultivation 
Human holo transferrin Calbiochem® Enterocyte cultivation 
Gibco™ collagen I rat protein Thermo Fisher Scientific Coating of microwell plates 
Accutase® Capricorn Enterocyte cultivation 
Triton X-100 Sigma-Aldrich® Enterocyte permeabilization 
HCl Carl Roth® Damage Assay 
Sodium lactate  
(60 % w/w syrup) 
Sigma-Aldrich® Damage Assay/Hyphal 
length determination 
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CoCl2 Sigma-Aldrich® Damage Assay/Western 
Blot 
BAY 87-2243 Selleckchem Damage Assay/Western 
Blot 
4 % Roti®-Histofix Carl Roth® Adhesion/Invasion 
Bovine serum albumin (BSA) Serva Adhesion/Invasion/Western 
Blot 
Tween20 Carl Roth® Adhesion/Invasion/Western 
Blot 
ProLong Antifade Reagent Thermo Fisher Scientific Adhesion/Invasion 
Rhodamine B isothiocyanate 
(RITC) dextran, 10 kDa 
Sigma-Aldrich® Permeability determination 
Zymolyase®  
(Arthrobacter luteus) 
amsbio Fungal cell 
detachment/separation 
Glycerol Carl Roth® -80 °C storage/SDS-PAGE 
sodium dodecyl sulfate (SDS) Carl Roth® SDS-PAGE 
Acrylamide/Bis 37.5:1 
30 % (w/v) (AB 30 %) 
Serva SDS-PAGE 
Ammonium persulfate (APS) Serva SDS-PAGE 
N,N,N’,N’-tetramethyl-
ethylendiamine (TEMED) 
Serva SDS-PAGE 
β-mercaptoethanol Carl Roth® SDS-PAGE 
Bromophenol blue Carl Roth® SDS-PAGE 
PageRuler™ Prestained 
Protein Ladder 
Thermo Fisher Scientific SDS-PAGE/Western Blot 
Tris Carl Roth® SDS-PAGE/Western Blot 
Glycine Carl Roth® SDS-PAGE/Western Blot 
NaCl Carl Roth® SDS-PAGE/Western Blot 
Protease Inhibitor Mix Jena Bioscience Enterocyte lysis 
Milk powder Carl Roth® Western Blot 
Western Lightning® Plus-ECL 
solution 
Perkin Elmer Western Blot 
Glucose Carl Roth® Hyphal length 
determination 
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3.2. Methods 
3.2.1. C. albicans cultivation and infection 
The C. albicans strains were kept at - 80 °C for long term storage in YPD medium 
supplemented with 50 % (v/v) glycerol. These glycerol stocks were used for inoculation 
of YPD agar plates which were incubated for two days at 30 °C and stored for up to three 
weeks at 4 °C as short term storage.  
For experiments, one single colony from the short term storage YPD plate was re-
streaked on an YPD agar plate and incubated for two days at 30 °C. The obtained single 
colonies were then used to inoculate YPD medium. After incubation at 30 °C and 180 
rpm in a shaking incubator overnight, the cells were harvested by centrifugation at 
14,000 rpm for 2 min and washed twice with PBS II before the desired concentration was 
adjusted with DMEM.  
For the infection of enterocytes with C. albicans strains, the cultivation medium of the 
host cells was replaced with DMEM prior to infection to prevent the FCS-induced 
filamentation of C. albicans. This ensures that the fungal filamentation only depends on 
the oxygen regime, DMEM, and the presence of enterocytes. 
3.2.2. C. albicans growth analysis 
The cultivation in YPD medium and on YPD agar plates was performed to investigate the 
influence of oxygen on C. albicans growth.  
For growth curve analysis, overnight cultures were harvested by centrifugation at 14,000 
rpm for 2 min and washed twice with PBS II. The fungal cell suspension was diluted in 
YPD medium to an optical density (OD) of 0.2 at 600 nm (OD600 = 0.2) and transferred to 
three 96-well plates with technical triplicates per plate. The fungal cells were then 
cultivated at 37 °C, 5 % CO2 and oxygen levels ranging from 0.2 % to 21 % in oxygen-
adjustable incubators (CO2 Incubator INCOmed 153, Memmert). A temperature-
controlled Hypoxystation (H35, Don Whitley Scientific) was used in some experiments, 
predominantly for cultivation of cells at oxygen levels at or below 2 % O2. The growth of 
C. albicans was monitored measuring the OD at 600 nm every 30 min for a time course 
of 14 h using a microplate reader (Infinite® M200 pro, TECAN). Therefore, three 
microtiter plates per experiment were prepared: for each OD measurement, the upper 
plate was carried to the microplate reader and placed back below the two remaining 
plates after measurement. This procedure ensured that the fungal cells had enough time 
to re-adapt to the respective oxygen level prior to the next measurement since the cells 
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had to face ambient (~ 21 %) oxygen shortly for the time of measurement which took 
approximately 3 min to 4 min. 
To analyze the colony morphology of C. albicans in dependence of the oxygen 
availability, a maximum of 100 fungal cells resuspended in PBS II were plated on YPD 
agar plates and incubated for five days at 37 °C, 5 % CO2 and oxygen levels ranging 
from 0.2 % to 21 % O2. The colony morphology was recorded using a binocular 
microscope (Stemi 2000-C, Carl Zeiss Microscopy GmbH) and the software AxioVision. 
For examination of single cell morphology, colony parts were dispensed in water droplets 
and documented using an inverse light microscope with software ZEN 2 (Carl Zeiss 
Microscopy GmbH). 
3.2.3. Cultivation of enterocytes 
The colorectal adenocarcinoma cell lines Caco-2 and C2BBe1 (brush border expressing 
sub-clone of Caco-2) were used in this study. Caco-2 cells are able to undergo an 
absorptive enterocyte-like differentiation with the expression of brush borders mimicking 
the situation in the small intestine although they origin from the colon 131,132. However, not 
all cells express brush borders resulting in a highly heterogeneous morphology within the 
population 133. In contrast, the Caco-2 sub-clone C2BBe1 exhibits little morphological 
heterogeneity and, hence, stability in brush border expression, representing an authentic 
in vivo structure of the human colon 133. Therefore, C2BBe1 cells were used for all 
infection experiments performed in this study. Additionally, the Caco-2 cell line was used 
in the initial Damage Assays (see Chapter 3.2.6) for comparison because these cells 
were extensively used as a model for the intestinal epithelial barrier over the last 
decades 134. In the following chapters, both cell lines will be termed as enterocytes since 
they exhibit brush borders which are characteristic for absorptive enterocytes 132,133. 
Both cell lines were stored in liquid nitrogen. After thawing at 37 °C, enterocytes were 
added to 9 ml of the respective cultivation medium (see Table 2; heat-inactivation of FCS 
for 20 min at 56 °C using a water bath) and centrifuged for 5 min at 200 × g to remove 
dimethyl sulfoxide (DMSO) which was used as a cryoprotectant during 
cryopreservation 135. The cells were resuspended in cultivation medium and added to 
cultivation medium provided in a 25 cm2 cell culture flask (CELLSTAR®, greiner bio-one) 
to a total volume of 8 ml. The cultivation medium was exchanged after cultivation for 24 h 
at 21 % O2, 37 °C and 5 % CO2. After confluency was reached, the cultivation medium 
was removed and the cells were washed with 5 ml PBS II and detached with 1 ml 
Accutase® at 37 °C for 10 min. The enterocytes were then seeded in 19 ml of respective 
cultivation medium in a 75 cm2 cell culture flask (CELLSTAR®, greiner bio-one). Routine 
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cultivation of Caco-2 and C2BBe1 cells was performed at 21 % O2, 37 °C and 5 % CO2 
for a maximum of 15 passages.  
The passaging of enterocytes was performed after confluency was reached. Therefore, 
the cells were washed with 8 ml PBS II, detached with 2 ml Accutase® at 37 °C for 20 
min and resuspended with 4 ml fresh cultivation medium. Depending on the experimental 
procedure, 0.5 ml – 3 ml of detached cells were transferred in fresh cultivation medium 
(total volume of 20 ml) to a new 75 cm2 cell culture flask. 
3.2.4. Cultivation of enterocytes for experiments 
Enterocytes were seeded in multiple wells, which were collagen I-coated for C2BBe1 
cells. In order to coat the wells, a 10 µg/ml collagen I-solution in bis-distilled water 
(ddH2O) was added to the wells so that the bottom of the well was covered. After an 
incubation time of 2 h at RT, the wells were washed twice with ddH2O and left at RT until 
the wells were dried. Unless indicated otherwise, the seeded enterocytes were incubated 
for seven days at 37 °C, 5 % CO2 with defined oxygen concentrations ranging from 5 % 
to 21 % in oxygen-adjustable incubators. The incubation of enterocytes at oxygen levels 
at or below 2 % was performed using the Hypoxystation. The cultivation medium was 
exchanged every third day. In order to simulate hypoxic shock, the cells were shifted 
from high to low oxygen levels. Shifts from low to high oxygen levels were performed to 
mimic reoxygenation. The oxygen change was performed 1.5 h prior to the infection with 
C. albicans or mock-infection (no fungal inoculation was performed but cultivation 
medium was exchanged with DMEM) by placing the respective cell culture samples into 
a different incubator. During this adaptation phase, and all experiments, the enterocytes 
were kept at 37 °C and 5 % CO2. 
3.2.5. Determination of enterocyte proliferation  
In order to quantify the proliferation of enterocytes, C2BBe1 cells were seeded in 6-well 
plates with 5×105 cells per well. 24 h after mock-infection, enterocytes were washed with 
PBS II, detached with 250 µl Accutase® (Capricorn) at 37 °C for up to 40 min, and 
counted with a Neubauer chamber.  
3.2.6. Damage Assays 
Severely damaged necrotic cells release intracellular proteins, including the cytosolic 
enzyme lactate dehydrogenase (LDH). LDH catalyzes the conversion from pyruvate to 
lactate, and was shown to be stable at a wide range of temperatures and to be 
expressed in a variety of cells 136,137. Thus, the release of LDH into the supernatant was 
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used to quantify epithelial cell damage as the activity of this enzyme correlates with the 
grade of cell damage 138,139. For Damage Assays, Caco-2 and C2BBe1 cells were 
seeded into 96-well plates at 2×104 cells per well. For infection, the cultivation medium 
was replaced with DMEM containing 8×104 C. albicans cells; DMEM without fungal cells 
was used for mock-infected controls. Supernatants were collected 24 h and 48 h post 
infection (p.i.) and analyzed using the Cytotoxicity Detection Kit from Roche according to 
the manufacturer’s instructions using a LDH standard. Briefly, a catalyst solution 
containing diaphorase and NAD+ and a dye solution containing iodotetrazolium chloride 
(INT) and sodium lactate were mixed at a ratio of 1:45, added to the sample 
supernatants diluted in PBS II, and incubated for up to 15 min in the dark at room 
temperature (RT). In this reaction, the LDH-catalyzed conversion of lactate to pyruvate 
causes the reduction of NAD+ to NADH/H+. Diaphorase then catalyzes the transfer of 
H/H+ from NADH/H+ to INT which results in the production of the water-soluble dye 
formazan. The enzymatic reaction was stopped by adding HCl to a final concentration of 
200 µM. The absorption of the formazan dye was measured spectrophotometrically at 
490 nm using a microplate reader. To determine the maximum of LDH release (high 
control), the cells were lysed with 10 µl of 5 % Triton X-100. The damage of C. albicans-
infected enterocytes was calculated as percentage of high control after the values of 
mock-infected controls were subtracted from both infected enterocytes and high control.  
In order to investigate in the influence of lactate on the damage caused by C. albicans, 
C2BBe1 cells were supplemented with different lactate concentrations (5 mM, 10 mM, 15 
mM, 20 mM, 25 mM) in parallel to infection with the fungus. Therefore, sodium lactate in 
DMEM was added to the epithelial cells directly before inoculation with C. albicans.  
Furthermore, the influence of HIF-1α on the damage phenotype of C. albicans-infection 
was analyzed. Therefore, C2BBe1 cells were seeded into 6-well plates at 5×105 cells per 
well. Prior to infection, the cells were treated with either 200 µM CoCl2 for 24 h or 100 nM 
BAY 87-2243 for 5 h in cultivation medium. For infection, 2×106 C. albicans cells were 
used. In parallel to infection with the fungus or mock-infection, respective C2BBe1 cells 
were again treated with 100 nM BAY 87-2243 in DMEM for the time of infection (24 h). 
To obtain high damage control samples, enterocytes were lysed with 275 µl 5 % Triton 
X-100.  
3.2.7. Analysis of adhesion and invasion 
In order to investigate the adhesion and invasion of C. albicans, C2BBe1 cells were 
seeded onto collagen I-coated 15 mm glass cover slips in 24-well plates at 1×105 cells 
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per well. Enterocytes were infected with 1×105 C. albicans cells and fixed with 4 % Roti®-
Histofix after 30 min (adhesion) or 4.5 h (invasion), respectively.  
Adhesion assay 
Following overnight fixation at 4 °C, the cover slips were washed three times for 1 min 
with PBS II and incubated with 5 % bovine serum albumin (BSA) in PBS II for 10 min on 
a shaking incubator at 50 rpm. After a second washing step with PBS II for three times 
1 min, adherent C. albicans cells were stained using a polyclonal rabbit anti-Candida 
primary antibody (2 µg/ml in PBS II) and an Alexa Fluor® 488 conjugated anti-rabbit 
secondary antibody (0.4 µg/ml in PBS II). After each staining step, the cells were washed 
carefully three times for 1 min with PBS II supplemented with 0.01 % Tween20 (PBST). 
In order to differentiate areas with and without enterocytes for automatic image analysis 
of adherent C. albicans cells, the actin filaments of the enterocytes were stained. For this 
purpose phalloidin was used. This phallotoxin stabilizes actin filaments by binding to 
these and preventing their depolymerization 140. Therefore, epithelial cells were 
permeabilized with 0.5 % Triton X-100 for 5 min and carefully washed three times for 
1 min with PBST. Afterwards, the cells were incubated with DyLight® 594 Phalloidin 
(5 units/ml) in 5 % BSA in PBS II for 30 min in the dark. The cells were washed carefully 
three times for 1 min with PBST. The cover slips were mounted onto microscope slides 
using ProLong Antifade Reagent. Adherent C. albicans cells were quantified using a 
fluorescent microscope (Axio Observer Z1, Zeiss) with filter sets to detect Alexa Fluor® 
488 and DyLight™ 594. The resulting images were quantified using an automated image 
analysis (see 3.2.8). The percentage of adherent C. albicans cells was calculated as 
follows:  
 C. albicans cells per image section × area of whole cover slip 
C. albicans cells used for infection × area of image section 
 
Invasion assay 
In order to quantify the invasion of C. albicans into enterocytes, both adherent and 
invasive fungal cells were stained. Therefore, the cells were treated as described above 
for adherent C. albicans cells. Following host cell permeabilization with 0.5 % Triton X-
100 and a washing step with PBST for three times 1 min, the invasive fungal cells were 
stained using a polyclonal rabbit anti-Candida antibody as primary antibody (2 µg/ml in 
PBS II) followed by incubation with an Alexa Fluor® 647 conjugated anti-rabbit 
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secondary antibody (0.4 µg/ml in PBS II). After each staining step, the cells were washed 
carefully three times for 1 min with PBST. The cover slips were mounted onto 
microscope slides using ProLong Antifade Reagent. Invasive C. albicans cells were 
quantified using a fluorescent microscope (Axio Observer Z1, Zeiss) with filter sets to 
detect Alexa Fluor® 488 and Alexa Fluor® 647. The percentage of invasion was 
determined as the ratio of invading cells to the number of adherent cells. A minimum of 
150 fungal cells were counted per cover slip. 
3.2.8. Quantification of fungal adhesion to enterocytes using automated image 
analysis 
The microscopy images from the adhesion assays were used for automated image 
analysis. This analysis method was performed by Stefanie Dietrich from the Research 
Group of Applied Systems Biology at the Hans Knöll Institute Jena, who kindly provided 
the protocol for this procedure. 
The number of adherent fungal cells was quantified using an automated image analysis 
workflow written in the Python programming language (version 2.7.13) combined with 
OpenCV library (version 3.1.0 141) and Numpy (version 1.11.3, as part of the SciPy 142). 
The two fluorescence channels were processed separately: Void areas in the epithelial 
cell layer were segmented in the first channel and fungal cells were segmented in the 
second. The results from both channels were combined to distinguish adherent from 
non-adherent fungal cells, whereby fungal cells were considered to be non-adherent, if 
located within void areas. 
To segment the void areas, images were processed in groups of four. The images were 
converted to grayscale, normalized and gamma corrected with γ = 0.3 to improve 
contrast. Denoising was performed using a Gaussian filter of 7×7 pixels with the width 
σ = 3 pixels. Otsu’s thresholding was used to discriminate between void areas with low 
intensity values and the cell layer with high intensity values. The threshold was 
calculated using the histogram of the pixel intensity values in the intensity range [0,127]. 
Only void areas with an area of more than 1000 pixels were taken into account, in order 
to avoid false positives. Watershed segmentation was used to refine the contours of the 
void areas. 
The intensity values in the green-fluorescent channel were converted to grayscale, 
normalized and Otsu-thresholded to locate clusters of fungal cells. To improve the 
accuracy of the cell contours and to remove noise, adaptive thresholding implemented in 
the OpenCV library was used. Exact contours are a prerequisite for the application of the 
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cluster splitting method adopted from Farhan et al. 143 as implemented in 
Brandes et al. 144. Before the cluster splitting, hyphal structures were removed by 
morphological closing with an elliptical kernel of 9×9 pixels. Only cells with a minimal 
area of 50 pixels were taken into account, in order to exclude budding cells and 
segmentation artefacts. Single cells that were removed in the previous closing step were 
re-inserted based on missing overlap with other cells. 
Finally, adherent and non-adherent fungal cells were discriminated: A cell was classified 
as being non-adherent, if at least one half of its area overlapped with a void area region. 
The number of adherent cells was then normalized by the total pixel area of the epithelial 
cells in this image. 
3.2.9. Translocation Assay 
In order to determine the enterocyte barrier integrity and the translocation of C. albicans, 
the recently described in vitro translocation model by Allert et al. 120 was used and 
adapted. Briefly, 24-well plates with polycarbonate membrane Transwell® Inserts with 
5 µm pore size (Corning) were used. Inserts were coated with collagen I and seeded with 
2×104 C2BBe1 cells. The cultivation medium was exchanged after four days of 
incubation and every second day afterwards. The transepithelial electrical resistance 
(TEER) was measured from day one until day 13 every second day and at day 14 to 
monitor the establishment of the barrier integrity 122 using a chopstick electrode 
connected to the Epithelial Voltohmmeter EVOM2 (World Precision Instruments). Blank 
values from empty inserts without epithelial cells were subtracted from sample values. In 
order to monitor TEER kinetics after infection with 1×105 C. albicans cells or mock-
infection, measurements were performed prior to both oxygen switch and 
infection/medium exchange as well as 30 min, 4.5 h, 12 h and 24 h after infection.  
To determine the permeability of the enterocyte monolayer, 10 µl of 50 mg/ml 
Rhodamine B isothiocyanate (RITC) dextran (10 kDa), dissolved in ddH2O, were added 
to the upper compartment 24 h p.i. After 4 h of incubation, the fluorescence of the lower 
compartment was measured at 600 nm using a microplate reader and concentrations 
were calculated with the help of a RITC dextran standard. To prevent signal 
interferences from phenol red, DMEM without phenol red was used for infection and 
mock-infection in these experiments. 
In order to quantify C. albicans translocation, 20 U/ml Zymolyase® were added to the 
lower transwell compartment 24 h p.i. Due to its lytic activity on the fungal cell wall 145, 
translocated C. albicans hyphae were detached from the bottom side of the Transwell® 
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Inserts and separated. After incubation for 2 h at 37 °C, the cell suspensions were 
serially diluted and plated in duplicates onto YPD agar. After one day incubation at 
30 °C, the colony forming units (CFUs) were counted. Toni Förster from the Department 
of Microbial Pathogenicity Mechanisms supported the translocation analysis by 
performing the Zymolyase® treatment and plating CFUs. 
3.2.10. Protein isolation from enterocytes  
C2BBe1 cells were seeded in 6-well plates with 5×105 cells per well. Following the 
infection with 2×106 C. albicans cells per well or mock-infection (24 h), cell culture 
supernatants from both mock-infected and C. albicans-inoculated C2BBe1 cells were 
removed carefully and cleared from cellular debris by centrifugation at 3,000 × g for 10 
min at 4 °C. The cells were washed with ice-cold PBS and lysed with either RIPA lysis 
buffer for adherens/tight junction proteins and CEACAMs or 1× sample lysis buffer 
(1× SLB) for HIF-1α. Both lysis buffers were supplemented with Protease Inhibitor Mix, 
which consists of phenylmethylsulfonylfluorid (PMSF), pefabloc, aprotinin and pepstatin 
A. The cell lysates used for CEACAM detection were incubated on ice for 1h. HIF-1α 
samples were incubated at 98 °C for 10 min. All cell lysates were centrifuged for 15 min 
at 4 °C and 20,000 × g to remove cellular debris.  
The protein concentration of cleared cell lysates was determined using the Pierce™ BCA 
Protein Assay Kit. A BSA standard ranging from 0 – 2 mg/ml was prepared according to 
manufacturers’ instructions. A Working Reagent (WR) was prepared using solution A, 
containing bicinchoninic acid (BCA), and solution B, containing cupric sulfate, with a ratio 
of 50:1. 25 µl of each standard concentration, and each sample were mixed with 200 µl 
of WR and incubated for 30 min at 37 °C. Proteins reduce Cu2+ to Cu+ which is known as 
biuret reaction. The cuprous ion then chelates two BCA molecules leading to a purple-
colored reaction product. The absorbance of this water-soluble complex was measured 
at 562 nm using a microplate reader. 
3.2.11. SDS-PAGE 
The proteins were separated via a sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) using the Biometra Eco-Mini system from Analytik Jena. 
Protein gels (see Table 8) with appropriate concentrations of acrylamide were used 
according to the proteins of interest: the percentage of acrylamide was lowered with 
increasing protein size. 
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Table 8: components of protein gels 
% acrylamide AB 30 % CGB/SGB SDS APS TEMED 
4 %       (collection gel) 13.3 % 25 % 0.1 % 0.12 % 0.08 % 
7.5 % 
10 %    (separation gel) 
12.5 % 
25 % 
33.3 % 
41.6 % 
 
19 % 
 
0.1 % 
 
0.08 % 
 
0.08 % 
 
Prior to protein separation, the samples were heated either to 98 °C for 10 min with 1× 
SLB with bromophenol blue (adherens/tight junctions) or to 95 °C for 5 min with 5× 
Lämmli buffer (CEACAMs). The gels were loaded with 5 µg protein per adherens/tight 
junction sample and 15 µl per HIF-1α cell lysate sample (determination of protein 
concentration was not possible due to β-mercaptoethanol in 1× SLB). To detect 
CEACAM proteins, 10 µg protein per cell lysate (except for reoxygenation samples of 
C. albicans-infected enterocytes, where the protein concentrations allowed for only 1 µg, 
respectively) and corresponding volumes of the cell culture supernatants were used. 
Additionally to protein samples, 5 µl of PageRuler™ Prestained Protein Ladder were 
applied per protein gel as a molecular weight marker. Two gels were run in SDS-PAGE 
buffer at 25 mA and 140 V for ~ 2 h. 
3.2.12. Western Blot 
The SDS-PAGE-separated proteins were transferred to polyvinylidenfluorid (PVDF) 
membranes (Amersham Hybond P 0.45, GE Healthcare) via Tank Blot (Bio-Rad). The 
protein transfer was performed in Blotting buffer for 1 h at 350 mA. The membranes were 
blocked with 1 % BSA (junction proteins) and 5 % milk powder (HIF-1α) in TBST or 10 % 
milk powder (CEACAMs) in TBS. After a washing step with TBST for three times 10 min, 
the primary antibody incubation was performed overnight at 4 °C in the respective 
blocking solution or in TBST (CEACAMs). The membranes were washed three times for 
10 min with TBST. The incubation with the horseradish peroxidase (HRP)-conjugated 
secondary antibodies was performed at RT for 1 h using the respective blocking solution 
or TBST (CEACAMs). Afterwards, the membranes were washed three times for 10 min 
with TBST. Bound HRP-conjugated secondary antibodies were detected via 
chemiluminescence using the Western Lightning® Plus-ECL solution according to 
manufacturer’s instructions. The quantification of adherens/tight junction and HIF-1α 
protein expression was performed using the ImageJ software with normalization to the 
pan-Actin loading control. The CEACAM signal intensities were quantified using the 
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Image Studio Lite Software (V3.1, LI-COR), adjusted to 14-3-3 signal intensities (loading 
control for CEACAM cell lysates) and fold signal intensities (=normalized expression) of 
the respective CEACAM bands compared to mock-infected C2BBe1 cells kept at 
21 % O2 were calculated.  
3.2.13. Lactate and glucose measurements 
In order to investigate the oxygen-dependent changes in the enterocyte metabolism, 
both the lactate production and the glucose consumption of C2BBe1 cells was 
quantified. Therefore, the lactate and glucose concentrations in the supernatants from 
both C. albicans-infected and mock-infected C2BBe1 cells were determined 24 h p.i. The 
supernatants were centrifuged for 20 min at 4 °C and 1,000 × g. The analysis was 
performed by Cora Richert from the Institute for Clinical Chemistry and Laboratory 
Diagnostic at the Jena University Hospital using the Abbot Architect ci8200 Integrated 
System (Abbot Laboratories) according to the manufacturers’ instructions. 
3.2.14. Quantification of cytokine production 
It has been shown that IECs are able to produce cytokines in response to bacterial and 
fungal infection, lipopolysaccharide (LPS)-stimulation or inflammatory diseases. Among 
the produced cytokines, interleukin (IL)-8, monocyte chemoattractant protein-1 (MCP-1), 
granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor α 
(TNFα), IL-33, IL-1β and IL-6 showed the highest abundance 62,146-149. To determine 
whether these cytokines are expressed in C2BBe1 cells following C. albicans infection, 
the cell culture supernatants from mock-infected, C. albicans-inoculated and LPS-
stimulated (2.5 µg/ml) C2BBe1 cells 24 h p.i. were centrifuged for 20 min at 4 °C and 
1,000 × g and analyzed using a ProcartaPlex® Immunoassay (affymetrix eBioscience) 
performed according to manufacturers’ instruction. In principle, this assay uses distinct 
dye-labeled magnetic beads with each type of bead covered with a distinct specific 
primary antibody. This allows the detection of several targets within one sample since 
the targets can be discriminated via the different dyes. The amount of each target is 
determined by the secondary detection antibody which binds to all targets.  
For the quantification of detectable cytokines, enzyme-linked immunosorbent assays 
(ELISAs) with supernatants generated as stated above were performed using Kits from 
eBioscience according to manufacturers’ instruction (see Table 6). 
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3.2.15. Quantification of LL-37 production 
The cathelicidin LL-37 was shown to have a candidacidal effect and to reduce 
C. albicans adhesion 150,151. Furthermore, its secretion by enterocytes is at least partly 
mediated by HIF-1α 109. In order to determine whether the production of this AMP was 
influenced by the different oxygen regimes used in this study, LL-37 concentrations were 
determined in the cell culture supernatants from both mock-infected and C. albicans-
inoculated C2BBe1 cells 24 h p.i. These supernatants were centrifuged for 20 min at 
4 °C and 1,000 × g and analyzed using the human LL-37 ELISA Kit from Hycult®Biotech 
according to manufacturer’s instructions.  
3.2.16. Quantification of ROS production 
In order to analyze the intracellular ROS production in enterocytes, the DCFDA Cellular 
ROS Detection Assay Kit was used. Therefore, C2BBe1 cells were seeded into white 96-
well plates with clear bottom (µCLEAR®, greiner bio-one) at 2×104 cells per well. 
Following infection with 8×104 C. albicans cells or mock-infection for 24 h, the ROS 
production was quantified using the Kit according to the manufacturers’ instructions. 
Briefly, the enterocytes were incubated with 10 µM 2’7’-dichlorofluorescein diacetate 
(DCFDA) for 30 min. DCFDA is able to diffuse through cell membranes and to be 
converted by cellular esterases. The resulting non-fluorescent compound can be 
oxidized by ROS into the highly fluorescent 2’7’-dichlorofluorescein (DCF). Additionally, 
the enterocytes were incubated with 250 µM tert-butyl hydrogen peroxide (TBHP) for 3 h 
as a positive control to induce ROS. As background control non-infected C2BBe1 cells 
without addition of DCFDA were used. All incubation steps were performed under the 
indicated oxygen concentrations. ROS levels were quantified by measuring the 
fluorescence intensity at an excitation and emission maximum of 495 nm and 529 nm, 
respectively. The background control was subtracted from all measured values.  
3.2.17. Determination of fungal burden  
In addition to growth curves, the determination of fungal burden was used as a 
parameter to analyze fungal growth under different experimental conditions. Therefore, 
4×105 C. albicans cells per well were added to collagen I-coated 24-well plates with or 
without host cells (C2BBe1 seeded at a density of 1×105 cells per well, pre-incubated for 
seven days) and incubated for 4.5 h or 24 h at 37 °C, 5 % CO2, at the indicated oxygen 
concentrations. Afterwards, the cells were treated with 1 mg/ml Zymolyase® for 30 min 
at 37 °C, vortexed rigorously and incubated again at 37 °C for 30 min. The cell 
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suspension was vortexed again, serially diluted, and plated onto YPD agar in duplicates. 
The CFUs were counted after one day incubation at 37 °C.  
3.2.18. Determination of hyphal length  
To investigate the influence of oxygen concentrations on the hyphal length of 
C. albicans, collagen I-coated wells with and without enterocytes as described above 
(3.2.17) were inoculated with 1×105 fungal cells. The hyphal length was measured after 
4.5 h for 100 C. albicans hyphae per well using an inverse light microscope with the 
software ZEN 2 (Carl Zeiss Microscopy GmbH). In addition to fresh DMEM, supernatants 
from both enterocytes and C. albicans cells were used in some experiments. Therefore, 
infected and mock-infected enterocytes as well as C. albicans cells were cultivated in 
DMEM for 24 h at the indicated oxygen concentrations.  
In order to test the influence of lactate and glucose on hyphal length, C. albicans cells 
were cultivated in DMEM with or without 25 mM glucose supplemented with 0 mM, 5 mM 
or 20 mM sodium lactate. 
3.2.19. Statistical analyses 
All experiments were performed in at least three biological replicates and their resulting 
mean value was depicted either as Whisker-Box-Plot (horizontal line with interquartile 
range; experiments with at least four biological replicates) or as mean with standard 
deviation (SD). Technical duplicates or triplicates within biological replicates were 
averaged. The statistical analyses were performed using GraphPad Prism® 7 for 
Windows. Comparisons between selected data sets were determined using a one-way 
analysis of variance (ANOVA) with a follow-up test for multiple comparisons (Tukey’s 
correction). The statistical comparisons to control mean values were performed using a 
one-way ANOVA with Dunnett’s multiple comparisons test as follow-up test. The analysis 
of two selected data sets was performed using an unpaired two-sided t-test. 
P values ≤ 0.05 were considered as significant. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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4. Results 
The influence of oxygen availabilities, ranging from constant oxygen supplies to oxygen 
shifts from high to low oxygen levels (hypoxic shock) or vice versa (reoxygeation), on the 
interaction of enterocytes with C. albicans was investigated. The results are shown in 
this section. In order to distinguish between the effects induced by oxygen availability on 
either host or fungal cells, respectively, and the effects of the combination of all of these 
factors, the impact of the oxygen regimes on both the enterocytes and C. albicans 
cultivated alone was also explored and will be presented first. 
4.1. The influence of oxygen on C. albicans growth 
The impact of oxygen on the growth of C. albicans cultivated without enterocytes was 
analyzed to differentiate between direct effects of oxygen and indirect effects mediated 
by the response of enterocytes to oxygen availability. Previous studies showed that at 
almost anaerobic conditions (0.1 % O2 or 0.2 % O2) growth rates of C. albicans were 
similar but biofilm mass was reduced in YPD medium compared to 21 % O2 
52,53. 
However, no comprehensive analysis of growth across a range of oxygen concentrations 
and in cell culture media has been published to date. Since the study presented here 
aimed to characterize the impact of different oxygen availabilities on the host-fungus 
interaction, the fungal growth analysis were performed using physiological oxygen 
concentrations present in the GIT (1 % - 10 % O2) as well as almost anaerobic conditions 
(0.2 % O2) present in the gut lumen 
2,6,86. In addition, atmospheric oxygen (~ 21 %) was 
used as a control condition which is commonly used for the cultivation of C. albicans. 
4.1.1. C. albicans growth in YPD 
The growth of C. albicans in liquid YPD medium was investigated in 96-well plates over a 
time course of 14 h by measuring the OD600 every 30 min. As the microplate reader used 
for OD-measurements was not oxygen-adjustable, fungal cultures had to be cultivated in 
oxygen-adjustable incubators and a Hypoxystation, respectively. Thus, every 
measurement was done manually by transferring each plate with the fungal cultures from 
the incubator/Hypoxystation to the microplate reader and vice versa. To ensure a proper 
re-adaptation of C. albicans to the respective oxygen concentration, as the fungus was 
exposed to atmospheric oxygen for a few minutes during the measurement procedure, 
three microwell plates were used per oxygen level and biological replicate. 
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Figure 6: The growth of C. albicans is slightly delayed at ≤ 5 % O2, but is not severely 
impaired. C. albicans was cultivated at indicated oxygen levels in YPD medium at 37 °C and 5 % 
CO2 for 14 h. The OD600 was measured manually every 30 min. Data of three biological replicates 
each performed in triplicates are presented as mean. 
The C. albicans growth in YPD medium was not severely impaired at any oxygen 
concentration tested (Figure 6). For oxygen levels at or below 5 %, a slight growth delay 
was observed during the exponential log phase (4 h – 11 h), which was more 
pronounced for hypoxic conditions (0.2 % to 2 % O2), whereas the fungal growth at 
10 % O2 was comparable to the growth at atmospheric oxygen. At the stationary phase 
(11 – 14 h), no major differences were observed between the oxygen concentrations with 
OD values ranging from approx. 1.05 at 0.2 % O2 to ~ 1.2 for 21 % O2.  
4.1.2. Colony and single cell morphology of C. albicans on YPD 
Besides the growth speed of C. albicans in liquid medium, the fungal morphology on 
solid YPD medium was analyzed at different oxygen levels. The colony phenotypes of 
C. albicans on YPD agar differed depending on the oxygen concentration (Figure 7 and 
Figure 8).  
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Figure 7: Reduced oxygen supply leads to wrinkled and smaller C. albicans colonies and 
longer filaments. C. albicans was grown on YPD agar plates at 21 %, 10 % and 5 % O2, 5 % 
CO2 and 37 °C for five days. Colony parts were dispensed in water to examine single cell 
morphology. Scale bar: 500 µm (colony), 20 µm (single cells). Representative pictures of colonies 
and single cells are shown. 
The colonies appeared to be smaller in diameter with decreasing oxygen concentration. 
This would be consistent with the delayed growth of C. albicans at hypoxic conditions 
observed for the growth curve analysis (see Figure 6). In addition, while the colonies 
grown at atmospheric ambient (~ 21 %) oxygen exhibited smooth and wrinkled parts with 
a sharp colony boundary, the cultivation of C. albicans at 10 % and 5 % O2 led to solely 
wrinkled colony phenotypes and extensions of the colony boundary (Figure 7). This 
effect was more pronounced at 5 % O2 and was even stronger at oxygen concentrations 
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at or below 2 % (Figure 8). The colonies grown at these hypoxic conditions showed a so 
called “fuzzy” phenotype which was already described for oxygen concentrations at or 
below 5 % 55. Since wrinkled and fuzzy colonies are associated with a strong 
filamentation 55,57, the single cell morphology of the respective colonies was analyzed. 
Indeed, the colonies grown at oxygen concentrations at or below 2 % exhibited more and 
longer hyphae compared to the growth at 5 %, 10 % and ambient O2.  
 
Figure 8: Reduced oxygen supply leads to wrinkled and smaller C. albicans colonies and 
longer filaments. C. albicans was grown on YPD agar plates at 2 %, 1 % and 0.2 % O2, 5 % CO2 
and 37 °C for five days. Colony parts were dispensed in water to examine single cell morphology. 
Scale bar: 500 µm (colony; except 0.2 % and 1 % O2 lateral view: 1,000 µm), 20 µm (single cell; 
except 1 % O2: 50 µm). Representative pictures of colonies and single cells are shown. 
These results showed that hypoxic conditions induced a stronger filamentation but led to 
slightly delayed growth of C. albicans. 
4.1.3. C. albicans growth in cell culture-like conditions 
In order to investigate the fungal growth under conditions mimicking the in vitro 
enterocyte infection model used in this study, C. albicans was seeded on collagen I-
coated well plates in DMEM, the medium used for the infection experiments of 
enterocytes with C. albicans. The fungal burden was determined as colony forming units 
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(CFUs) per well after 4.5 h and 24 h, and the hyphal length was measured after 4.5 h 
incubation at 37 °C, 5 % CO2 and the indicated oxygen concentrations. 
 
Figure 9: Hypoxia leads to an initial growth reduction of C. albicans on plastic but does not 
influence hyphal length. C. albicans was inoculated on collagen I-coated wells without 
enterocytes in DMEM. (A) Cultivation for 4.5 h and 24 h at 37 °C, 5 % CO2 and indicated oxygen 
concentrations. CFUs/well was determined after Zymolyase® treatment. Results of at least three 
biological replicates each performed in duplicates are shown as mean ± SD. Statistically 
significant differences between 4.5 h and 24 h were determined by unpaired two-tailed t-test. 
° Significant differences as indicated by lines (° P < 0.05, °° P < 0.01). # Significant differences to 
10 % and 21 % O2 at 4.5 h (P < 0.05). (B) Hyphal length was measured for 100 Candida hyphae 
per well after incubation for 4.5 h at 1 % and 21 % O2, 5 % CO2 and 37 °C. Results of nine 
biological replicates each performed in duplicates are depicted as a Whisker-Box-Plot. An 
unpaired two-tailed t-test revealed to statistical significance. 
The CFUs from C. albicans cells grown on plastic without epithelial cells were initially 
(4.5 h) reduced at hypoxia (1 % O2) but similar for 10 % and ambient O2 (Figure 9, A). 
After 24 h, however, the fungal load was similar independent of the oxygen 
concentration. The growth of C. albicans on plastic led to similar hyphal lengths at 
hypoxia and ambient O2 (Figure 9, B).  
Consistent with the results obtained from the growth curve analysis (see chapter 4.1.1, 
Figure 6), these data suggest that hypoxic conditions do not lead to a general growth 
reduction but rather to a prolonged adaptation phase from the growth at ambient oxygen 
used to prepare the fungal pre-culture for inoculation.  
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4.2.  The influence of oxygen on enterocytes 
During their life span, enterocytes migrate from the crypts to the top of the villi 6,62,71. This 
migration is accompanied with a strong reduction of available oxygen: the oxygen level in 
the gut decreases from 15 % - 10 % in the crypts to 2 % - 1 % at the tip of the villi 2,6,86. 
Therefore, the effect of oxygen availability within this physiological range on the barrier 
function of enterocytes was assessed. 0.2% O2, a concentration below the assumed 
physiological range, was included as a condition representing pathophysiological 
hypoxia.  
4.2.1. Basal LDH release of enterocytes  
The intestinal epithelium is regenerated every three to eight days via the migration of 
enterocytes from the crypts to the top of the villi 6,67,70,71. During their migration, these 
epithelial cells differentiate and are exposed to a decreasing amount of oxygen. The 
Caco-2 and C2BBe1 cell lines are able to differentiate and establish a polarized 
monolayer within two to three weeks 122,133,134. In order to investigate the sensitivity of 
these enterocyte cell lines to oxygen, the amount of released LDH was determined, 
which is used as a marker for cell damage. In addition, to determine whether the 
differentiation stage of the enterocytes affects the oxygen sensitivity, the Caco-2 and 
C2BBe1 cells were cultivated for two, seven and 14 days. 
In order to mimic either hypoxic shock or reoxygenation, the respective cell cultures were 
shifted to different incubators 1.5 h prior to the mock-infection, which represents a 
medium exchange to DMEM to mimic infection conditions. The damage assays with 
C2BBe1 (Figure 10, Figure 11) and Caco-2 (Figure 12) cells were performed 24 h and 
48 h after mock-infection, respectively.  
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Figure 10: Almost anoxic conditions (0.2 % O2) increase the basal LDH release of mock-
infected C2BBe1 cells 24 h after mock-infection independent of the differentiation stage. 
The LDH release is shown as percentage relative to the high control. Mock-infection was 
performed 1.5 h after oxygen shifts using (A) two, (B) seven and (C) 14 days old C2BBe1 
cultures. Results of four biological replicates each performed in triplicates are shown as Whisker-
Box-Plot. Statistical analysis within an oxygen concentration was performed using one-way 
ANOVA with Tukey’s multiple comparisons test (* P < 0.05, ** P < 0.01, *** P < 0.001). Statistical 
comparison of constant oxygen (0.2 % – 10 % O2) to 21 % O2 was performed using one-way 
ANOVA with Dunnett's multiple comparisons test (# P < 0.05, ## P < 0.01, ### P < 0.001). 
For C2BBe1 cells, the differentiation stage did not influence their LDH release in 
dependence of oxygen: a slight increase in LDH levels at all oxygen concentrations was 
observed for two days old enterocytes (Figure 10 and Figure 11, A) compared to seven 
and 14 days of cultivation (Figure 10 and Figure 11, B and C). Apart from this, the LDH 
release was similar between the differentiation stages. In addition, the LDH release of 
C2BBe1 cells was comparable for 24 h (Figure 10) and 48 h (Figure 11) after mock-
infection, except for 0.2 % and 5 % O2 (constant O2, hypoxic shock, reoxygenation), 
which led to a slight increase in LDH release at 24 h independent of the differentiation 
stage. In general, the LDH release increased at all conditions that included 0.2 % O2 
(constant O2, hypoxic shock and reoxygenation) with the lowest LDH values for hypoxic 
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shock. This indicates that very low oxygen availability is indeed harmful to the cells. This 
is supported by the observation that, even after seven days, cells cultured under these 
conditions rarely reached confluency, and holes were observed in the cell layer at longer 
periods of incubation (data not shown). Significant differences were also observed for 
oxygen regimes within the range of 1 % to 21 % O2, however without a clear trend. 
Figure 11: Almost anoxic conditions (0.2 % O2) increase the basal LDH release of mock-
infected C2BBe1 cells 48 h after mock-infection independent of the differentiation stage. 
The LDH release is shown as percentage relative to the high control. Mock-infection was 
performed 1.5 h after oxygen shifts using (A) two, (B) seven and (C) 14 days old C2BBe1 
cultures. Results of four biological replicates each performed in triplicates are shown as Whisker-
Box-Plot. Statistical analysis within an oxygen concentration was performed using one-way 
ANOVA with Tukey’s multiple comparisons test (* P < 0.05, ** P < 0.01, *** P < 0.001). Statistical 
comparison of constant oxygen (0.2 % – 10 % O2) to 21 % O2 was performed using one-way 
ANOVA with Dunnett's multiple comparisons test (# P < 0.05, ### P < 0.001). 
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Figure 12: The basal LDH release of mock-infected Caco-2 cells decreases progressively 
with raised oxygen levels from 1 % - 21 % 48 h after mock-infection. The LDH release is 
shown as percentage relative to the high control. Mock-infection was performed 1.5 h after 
oxygen shifts using (A) two, (B) seven and (C) 14 days old Caco-2 cultures. Results of four 
biological replicates each performed in triplicates are shown as Whisker-Box-Plot. Statistical 
analysis within an oxygen concentration was performed using one-way ANOVA with Tukey’s 
multiple comparisons test (* P < 0.05, ** P < 0.01, *** P < 0.001). Statistical comparison of 
constant oxygen (1 % – 12.5 % O2) to 21 % O2 was performed using one-way ANOVA with 
Dunnett's multiple comparisons test (# P < 0.05, ### P < 0.001). 
The LDH release of mock-infected Caco-2 cells decreased progressively from 1 % to 
21 % O2 conditions (Figure 12). This was more pronounced for less differentiated cells 
(Figure 12, A) compared to later differentiation stages (Figure 12, B and C). This 
suggests that these enterocytes are more susceptible to low oxygen levels at an early 
differentiation phase. In contrast to C2BBe1 cells, a differentiation-dependent phenotype 
was observed for Caco-2 cells. The least differentiated enterocytes showed significantly 
reduced LDH levels during hypoxic shock and a comparable LDH release for 
reoxygenation and constant oxygen (Figure 12, A). In contrast, a significant increase in 
LDH release was observed during reoxygenation compared to both constant oxygen and 
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hypoxic shock for differentiated cells at almost all oxygen concentrations (Figure 12, B 
and C). Additionally, the amount of released LDH was significantly higher for Caco-2 
cells compared to C2BBe1 enterocytes independent of their differentiation stage and the 
oxygen amount provided (Figure 13).  
 
Figure 13: The basal LDH release is increased in Caco-2 cells compared to C2BBe1 cells. 
The LDH release was determined 48 h after mock-infection and is shown as percentage relative 
to the high control. Data from 2 % oxygen conditions (constant O2, hypoxic shock and 
reoxygenation) were averaged per differentiation stage (day two, seven and 14) for both Caco-2 
and C2BBe1 cells. These data are representative for all oxygen concentrations. Results are 
shown as Whisker-Box-Plot. Significant differences between basal LDH release of Caco-2 and 
C2BBe1 cells at respective differentiation stage were determined using an unpaired two-tailed t-
test (* P < 0.05, *** P < 0.001). 
Although the C2BBe1 cells originate from Caco-2 cells, these results indicate that both 
cell lines behave differently regarding their sensitivity to oxygen and their stage of 
differentiation. Whereas the C2BBe1 cells were quite robust to a large range of oxygen 
availabilities independent of their differentiation stage, except for pathophysiological 
hypoxia, the Caco-2 cells showed an increased sensitivity to physiological hypoxia which 
was most pronounced for the less differentiated cells. Previously it was shown that the 
C2BBe1 cells are more stable in their expression of brush borders and exhibit a less 
morphological heterogeneity compared to the Caco-2 cells 133. Therefore, most of the 
following studies regarding the barrier function of enterocytes were performed using 
C2BBe1 cells only. Since the variability in LDH release was lowest for seven days old 
enterocytes and the LDH levels were comparable for 24 h and 48 h after mock-infection, 
further experiments were conducted using seven day old cells which were incubated for 
24 h after mock-infection.  
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4.2.2. Enterocyte proliferation 
To investigate a possible influence of oxygen on the proliferation ability of enterocytes, 
the number of C2BBe1 cells was determined 24 h after mock-infection (medium 
exchange to DMEM). 1.5 h prior to mock-infection, the respective cell cultures were 
switched from 10 %/21 % O2 to hypoxia (hypoxic shock) or vice versa to simulate 
reoxygenation.  
Enterocytes cultivated at 10 % O2 yielded significantly higher cell numbers compared to 
hypoxia (Figure 14). This result implies that 10 % O2 is the optimal growth condition for 
these enterocytes which is in the range of the physiological oxygen level in the crypts of 
the GIT 2,6,86. Hypoxic shock and reoxygenation had no effect on the cell proliferation. 
The cell numbers for enterocytes cultivated at these oxygen shift conditions were 
comparable to cells grown at the respective constant oxygen levels which were set up 
before the oxygen shift was performed. 
 
Figure 14: The proliferation of enterocytes is oxygen-dependent with highest cell numbers 
at 10 % O2. The C2BBe1 cells were grown for seven days at 37 °C, 5 % CO2 and indicated 
oxygen availabilities. Cell numbers were determined 24 h after mock-infection which was 
performed 1.5 h after oxygen shifts. Results of three biological replicates are shown as mean ± 
SD. Statistical analysis was performed across all data using one-way ANOVA with Tukey’s 
multiple comparisons test. * Significant differences between two groups as indicated by lines 
(* P < 0.05, ** P < 0.01); # Significant differences to hypoxic shock and 10 % O2 (P < 0.01); 
° Significant differences to hypoxic shock, 10 % and 21 % O2 (P < 0.05). 
4.2.3. Expression of cellular junctions 
In order to investigate the expression of the tight and adherens junctions that have an 
important role for epithelial barrier functions, C2BBe1 cells were lysed and the tight 
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junction proteins Claudin-4 and Occludin as well as the adherens junction protein E-
Cadherin were analyzed via Western Blot. 
While enterocytes cultured at different constant oxygen levels and reoxygenation 
showed comparable expression of the tight junction proteins Claudin-4 and Occludin, 
quantitative differences were observed for hypoxic shock with increased Claudin-4 levels 
and reduced expression of Occludin (Figure 15; see Appendix 8.1., Suppl. Figure 1 for 
representative protein bands). The adherens junction protein E-Cadherin was expressed 
at comparable levels for almost all oxygen availabilities, except for hypoxic shock 21 % 
→ 1 % showing a slightly decreased expression level. The differences in single protein 
expression were not statistically significant. Despite the opposite expression pattern of 
Claudin-4 and Occludin during hypoxic shock, these results suggest that the tight 
junction complex is not impaired. 
 
Figure 15: Hypoxic shock leads to a different expression pattern of tight junction proteins. 
The expression of tight junction (Claudin-4, Occludin) and adherens junction (E-cadherin) proteins 
in seven days old C2BBe1 cells was determined using whole cell lysates. Western Blot protein 
bands were quantified with ImageJ and normalized to the actin loading control. Results of three 
biological replicates are shown as mean ± SD. Statistical analyses using a one-way ANOVA with 
Tukey’s multiple comparisons test showed no significant differences. 
4.2.4. Intestinal epithelial barrier integrity 
The impairment of tight junctions is accompanied by a decrease in transepithelial 
electrical resistance (TEER) 121. Impaired barrier function furthermore allows an 
increased translocation of macromolecules such as dextran. Therefore, the 
determination of TEER and permeability for Rhodamine B isothiocyanate (RITC) dextran 
was performed in mock-infected C2BBe1 cell layers cultured in Transwell® Inserts and 
undergoing mock-infection for 24 h.  
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During the progression of mock-infection, TEER levels showed no significant differences 
between the oxygen regimes (Figure 16, A). The RITC permeability did not differ 
significantly between the oxygen concentrations but was slightly increased at hypoxia 
(1 % O2) and hypoxic shock (Figure 16, B). This suggests that the barrier function of 
enterocytes is not impaired by the differences in oxygen availability investigated, which 
support the hypothesis that the tight junction complex is not influenced by oxygen within 
the tested range. Thus, C2BBe1 cells appear to tolerate a wide range of oxygen 
availability and the barrier function is maintained at both constant and changing oxygen 
concentrations ranging from 1 % to 21 %. 
 
Figure 16: The barrier integrity of mock-infected enterocytes is not influenced by oxygen. 
The C2BBe1 cells were grown in Transwell® inserts for 14 days. Oxygen shifts were performed 
1.5 h prior to mock-infection (medium exchange to mimic infection). (A) TEER was recorded for 
24 h after mock-infection and measured values were normalized to respective TEER before 
medium exchange (0 h). Results of six biological replicates each performed at least in duplicates 
are shown as mean ± SD. Statistical analysis using a one-way ANOVA with Tukey’s multiple 
comparisons test showed no significant differences. (B) Permeability of the C2BBe1 monolayer 
was determined 24 h after mock-infection by RITC dextran translocation into the lower 
compartment of transwell cultures. Concentrations were calculated using a RITC dextran 
standard. Results of three biological replicates each performed in triplicates are shown as mean ± 
SD. Statistical analysis using a one-way ANOVA with Tukey’s multiple comparisons test showed 
no significant differences. 
Taken together, the analyses performed to assess the effect of oxygen on enterocyte 
barrier function showed that C2BBe1 cells proliferate and mediate barrier function within 
the physiological range of available oxygen (1 % – 10 %) in the GIT, whereas nearly 
anoxic conditions (0.2 % O2) are detrimental.  
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In the following sections, both 10 % O2 and atmospheric oxygen (approx. 21 % O2), 
which is commonly used for the cultivation of cell lines, will be referred to as ”normoxia” 
and 1 % O2 as “hypoxia” even though this is still physiological normoxia in parts of the 
intestinal tissue. 
4.3.  The influence of oxygen on the C. albicans-enterocyte interaction 
C. albicans is part of the microbiota in the GIT and interacts with enterocytes due to the 
close proximity of the fungus to the epithelial cell layer 111. Since the oxygen availability 
in the GIT differs along gut length and diameter and greatly depends on food intake 6,86-
88, the influence of physiological oxygen availabilities on the interaction of C. albicans 
with enterocytes was investigated.  
4.3.1. Oxygen-dependent damage of enterocytes by C. albicans infection 
To determine the C. albicans-mediated damage, the LDH release by C2BBe1 (Figure 17 
and Figure 18) and Caco-2 (Figure 19) cells was quantified 24 h and 48 h after infection, 
respectively. Oxygen shifts were performed as described for mock-infected cells and 
enterocytes at different differentiation stages were used. 
Interestingly, the LDH release was significantly increased after reoxygenation compared 
to both constant oxygen concentrations and hypoxic shock. The difference in LDH levels 
between reoxygenation and constant oxygen/hypoxic shock was more pronounced for 
hypoxic oxygen levels (0.2 % - 2 % O2) and decreased with increasing oxygen 
concentration. In addition, lowest LDH levels were observed following hypoxic shock. 
These oxygen-dependent damage phenotypes were independent of the differentiation 
stage (two, seven or 14 days), the length of the infection period (24 h or 48 h) and the 
used cell line (C2BBe1 or Caco-2) (Figure 17 – Figure 19).  
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Figure 17: Reoxygenation leads to significantly increased LDH levels of C. albicans-
infected C2BBe1 cells 24 h p.i. The LDH level is depicted as percentage of LDH release relative 
to the high control. LDH release from mock-infected cells was subtracted from all values. Infection 
with C. albicans was performed 1.5 h after oxygen shifts using (A) two, (B) seven and (C) 14 days 
old C2BBe1 cultures. Results of four biological replicates each performed in triplicates are shown 
as Whisker-Box-Plot. Statistical analysis within an oxygen concentration was performed using 
one-way ANOVA with Tukey’s multiple comparisons test (* P < 0.05, *** P < 0.001). Statistical 
comparison of constant oxygen (0.2 % – 10 % O2) to 21 % O2 was performed using one-way 
ANOVA with Dunnett's multiple comparisons test (# P < 0.05, ## P < 0.01, ### P < 0.001). 
Furthermore, the amount of LDH released by infected C2BBe1 cells increased from 24 h 
to 48 h p.i. (Figure 17, Figure 18), especially under constant oxygen supply and after 
hypoxic shock. Since the LDH release upon infection after reoxygenation was already 
high 24 h p.i. (Figure 17), reaching up to 100 % relative damage, it was not surprising 
that the elongation of the incubation time did not further increase the LDH level to a 
similar extent as observed for constant oxygen and hypoxic shock (Figure 18). In 
addition, 48 h of incubation led to higher variations of LDH levels especially for constant 
oxygen concentrations and hypoxic shock. Therefore, for further analysis 24 h was 
chosen as infection period.  
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Figure 18: Reoxygenation leads to significantly increased LDH levels of C. albicans-
infected C2BBe1 cells 48 h p.i. The LDH level is depicted as percentage of LDH release relative 
to the high control. LDH release from mock-infected cells was subtracted from all values. Infection 
with C. albicans was performed 1.5 h after oxygen shifts using (A) two, (B) seven and (C) 14 days 
old C2BBe1 cultures. Results of four biological replicates each performed in triplicates are shown 
as Whisker-Box-Plot. Statistical analysis within an oxygen concentration was performed using 
one-way ANOVA with Tukey’s multiple comparisons test (* P < 0.05, ** P < 0.01, *** P < 0.001). 
Statistical comparison of constant oxygen (0.2 % – 10 % O2) to 21 % O2 was performed using 
one-way ANOVA with Dunnett's multiple comparisons test (# P < 0.05, ## P < 0.01, ### 
P < 0.001). 
The comparison of LDH levels for C2BBe1 (Figure 18) and Caco-2 cells (Figure 19) 48 h 
p.i. showed a higher variation in LDH release for the Caco-2 cell line. This could be due 
to the higher heterogeneity of these cells compared to the C2BBe1 cell cultures 133, 
which was already mentioned above. Therefore, further analyses of the C. albicans-
enterocyte interaction at different oxygen availabilities were conducted using the 
C2BBe1 cell line grown for seven days. 
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Figure 19: Reoxygenation leads to significantly increased LDH levels of C. albicans-
infected Caco-2 cells 48 h p.i. The LDH level is depicted as percentage of LDH release relative 
to the high control. LDH release from mock-infected cells was subtracted from all values. Infection 
with C. albicans was performed 1.5 h after oxygen shifts using (A) two, (B) seven and (C) 14 days 
old Caco-2 cultures. Results of four biological replicates each performed in triplicates are shown 
as Whisker-Box-Plot. Statistical analysis within an oxygen concentration was performed using 
one-way ANOVA with Tukey’s multiple comparisons test (* P < 0.05, ** P < 0.01, *** P < 0.001). 
Statistical comparison of constant oxygen (1 % – 12.5 % O2) to 21 % O2 was performed using 
one-way ANOVA with Dunnett's multiple comparisons test (# P < 0.05, ## P < 0.01). 
In order to elucidate whether the damage outcome shown for oxygen shifts from low 
oxygen to 21 % (reoxygenation) or vice versa (hypoxic shock) depends on the dimension 
of the oxygen shift, cell cultures were also shifted from hypoxia (1 % O2) to 5 % or 
normoxia (10 %, 21 % O2) simulating reoxygenation or vice versa to mimic hypoxic 
shock. This would also mimic physiological oxygen availabilities to a greater extent. 
Furthermore, cell cultures subjected to hypoxic shock for 2 h were reperfused after 
fungal infection for 24 h to investigate the influence of reoxygenation on the low damage 
level observed after hypoxic shock. 
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Figure 20: Physiological reoxygenation conditions significantly increase the LDH release 
of C2BBe1 cells 24 h p.i. with C. albicans. The LDH level is depicted as percentage of LDH 
release relative to the high control. LDH release from mock-infected cells was subtracted from all 
values. Infection with C. albicans was performed 1.5 h after oxygen shifts using seven days old 
C2BBe1 cultures. For reoxygenation after hypoxic shock, fungal infection was performed 2 h after 
hypoxic shock and then enterocytes were reperfused for 24 h. Results of four biological replicates 
each performed in triplicates are shown as Whisker-Box-Plot. Statistical analysis was performed 
across all data using one-way ANOVA with Tukey’s multiple comparisons test. * Significant 
differences between two groups as indicated by lines (* P < 0.05, *** P < 0.001). # P < 0.05 
compared to all reoxygenation conditions. ° P < 0.01 compared to reoxygenation except for 
1 % → 5 %. § P < 0.05 compared to all hypoxic shock conditions. 
In accordance with the damage phenotype observed for oxygen switches from 21 % O2 
to low oxygen levels or vice versa, simulating physiological hypoxic shock resulted in 
significantly reduced LDH levels whereas reoxygenation from hypoxia to 5 % O2 or 
normoxia significantly increased the C. albicans-mediated LDH release of enterocytes 
(Figure 20). In addition, reoxygenation of cell cultures which were subjected to hypoxic 
shock led to significantly increased LDH release compared to hypoxic shock alone. 
However, the damage was lower than observed for enterocytes undergoing 
reoxygenation only. 
Taken together, the damage phenotypes observed for physiological oxygen switches 
(Figure 20) were similar compared to those performed between 21 % O2 and low oxygen 
levels (Figure 17 – Figure 19). Thus, further analyses were conducted using hypoxia 
(1 % O2) and normoxia (10 % and 21 % O2) for constant oxygen supply as well as for 
oxygen switches mimicking hypoxic shock or reoxygenation. 
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4.3.2. Barrier integrity of infected enterocytes 
In order to determine the barrier function of enterocytes upon infection with C. albicans at 
different oxygen levels, both TEER and permeability for dextran were determined using 
Transwell® inserts. TEER was monitored for indicated time points after infection 
whereas permeability was determined 24 h p.i. In addition, fungal translocation was 
quantified 24 h p.i. as CFUs in the lower Transwell® compartment. 
During the infection progression, TEER decreased for all oxygen regimes but with 
different kinetics and to a different extend (Figure 21, A). While TEER levels of cell 
cultures infected after reoxygenation and at 10 % O2 were reduced by over 50 % already 
12 h p.i., hypoxic shock led to rather stable TEER levels after a slight initial decrease. 
24 h p.i., reduction in TEER of approx. 60 % - 85 % of the initial TEER value was 
observed at all conditions except hypoxic shock, for which the TEER reduction was 
significantly less pronounced (Figure 21, B). The strongest decrease in TEER after 
infection of enterocytes with C. albicans was observed for reoxygenation. These results 
were accompanied by an increased permeability for RITC dextran after infection at all 
conditions which was most pronounced during reoxygenation (Figure 21, C). Although 
the translocation was not further enhanced during reoxygenation compared to hypoxia 
and normoxia (Figure 21, D), these data overall indicate that reoxygenation renders 
enterocytes more susceptible to C. albicans damage significantly impairing the barrier 
function. In addition, hypoxic shock led to reduced fungal translocation (Figure 21, D) 
which is consistent with LDH release, TEER and the RITC dextran permeability, 
indicating that this condition has protective effects on the enterocyte barrier function 
during the interaction with C. albicans. 
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Figure 21: Reoxygenation significantly impairs the barrier integrity of infected enterocytes 
whereas hypoxic shock reduces the translocation ability of C. albicans. C2BBe1 cells were 
grown in Transwell® inserts for 14 days. Oxygen shifts were performed 1.5 h prior to infection 
with C. albicans. (A) TEER was recorded for 24 h p.i. and measured values were normalized to 
respective TEER prior to fungal infection (0 h). Results of six biological replicates each performed 
at least in duplicates are shown as mean ± SD. (B) Change in TEER 24 h p.i. is depicted as 
percentage relative to the respective TEER values prior to infection. Results of six biological 
replicates each performed at least in duplicates are shown as Whisker-Box-Plot. Statistical 
analysis was performed across all data sets using one-way ANOVA with Tukey's multiple 
comparisons test. *** P < 0.001 compared to all other conditions. # Significant difference 
compared to reoxygenation: ## P < 0.01, ### P < 0.001. (C) Permeability of mock-infected 
enterocytes at 10 % O2 and of C2BBe1 monolayer 24 h after infection with C. albicans. Results of 
six biological replicates (except 10 % mock-infection: three biological replicates) are shown as 
Whisker-Box-Plot. Statistical analysis was performed across all data sets using a one-way 
ANOVA with Tukey's multiple comparisons test: ** P < 0.01, *** P < 0.001 compared to 
reoxygenation. # P < 0.001 compared to mock-infection at 10 % O2 according to one-way ANOVA 
with Dunnett’s multiple comparisons test. (D) Translocated C. albicans cells were determined as 
CFUs/well after Zymolyase® treatment of the lower transwell compartment. Results of three 
biological replicates each performed in triplicates are shown as mean ± SD. Statistical analysis 
using a one-way ANOVA with Tukey’s multiple comparisons test showed no significant 
differences. 
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4.3.3. Adhesion and invasion potential of C. albicans  
Since the adhesion and invasion of C. albicans are the initial steps of infection and thus 
influence the subsequent host cell damage, the impact of oxygen on both C. albicans 
adhesion to and invasion of enterocytes was investigated. 
The incubation of C2BBe1 cells with C. albicans for 30 min revealed increased adhesion 
of fungal cells to enterocytes that underwent hypoxic shock compared to constant 
oxygen supply, whereas reoxygenation did not affect adherence (Figure 22, A). In 
contrast to adhesion, fungal invasion was significantly reduced during hypoxic shock 
(Figure 22, B). Reoxygenation, however, led to significantly increased invasion of 
C. albicans which could contribute to the higher damage observed at this condition.  
 
Figure 22: Hypoxic shock increases the number of adherent C. albicans cells whereas the 
fungal invasion ability of C. albicans to enterocytes is enhanced during reoxygenation. 
Seven days old C2BBe1 cells were inoculated with C. albicans and incubated at 37 °C, 5 % CO2 
and indicated oxygen concentration for (A) 30 min (depicted as percentage of adherent Candida 
cells) and (B) 4.5 h (depicted as percentage of invasive relative to adherent fungal cells). Results 
of four biological replicates each performed in duplicates are shown as Whisker-Box-Plot (except 
for (B) 0.2 % reoxygenation: two biological replicates). Statistical analysis was performed across 
all data sets within each oxygen condition using one-way ANOVA with Tukey's multiple 
comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.001.  
The impaired barrier function, determined by TEER and permeability via RITC dextran 
flux, and the increased fungal invasion ability during reoxygenation indicated impaired 
tight junctions which was shown previously 121. Tight junction impairment provides 
access to the underlying adherens junctions, like E-Cadherin, and thus could mediate 
induced endocytosis. Even though no significant differences in expression of tight 
junctions and E-Cadherin expression was observed between the different oxygen 
regimes for mock-infected enterocytes, structural changes induced by reoxygenation 
alone or in combination with C. albicans infection could lead to accessibility of 
Cadherins. In order to test this hypothesis, a C. albicans mutant deficient for Ssa1, a 
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protein involved in mediating induced endocytosis 44, was investigated regarding its 
invasion ability and damage capability (Figure 23). 
 
Figure 23: Deletion of SSA1 reduces the fungal invasion ability exclusively at 
reoxygenation resulting in reduced host cell damage. Seven days old C2BBe1 cells were 
infected with C. albicans CAF2-1 wt, ssa1∆∆ deletion and ssa1∆∆ + SSA1 revertant strain and 
were incubated at 37 °C, 5 % CO2 and indicated oxygen regimes. Comparison of strains within 
each oxygen condition was performed using one-way ANOVA with Tukey’s multiple comparisons 
test (* P < 0.05, *** P < 0.001). Comparison of differences between oxygen conditions was 
performed for each fungal strain using one-way ANOVA with Tukey’s multiple comparisons test. 
# Significant differences compared to reoxygenation (1 → 10; # P < 0.05, ## P < 0.01, 
### P < 0.001). ° Significant differences compared to hypoxic shock (10 → 1; ° P < 0.05, 
°° P < 0.01). (A) Invasion was determined 4.5 h p.i. and is depicted as percentage of invasive 
relative to adherent fungal cells. Results of three biological replicates are shown as mean ± SD. 
(B) The LDH level is depicted as percentage LDH release relative to high control. The LDH 
release from mock-infected enterocytes was subtracted from all values. Results of four biological 
replicates each performed in triplicates are shown as Whisker-Box-Plot. Invasion and Damage 
Assays with C. albicans CAF2-1 wt, ssa1∆∆ deletion and ssa1∆∆ + SSA1 revertant strain were 
performed and analyzed by Rebecca Mikolajczyk, a former Master student of Research Group 
Microbial Immunology. 
The deletion of SSA1 caused reduced invasion only during reoxygenation (Figure 23, A). 
For all other oxygen regimes tested, the ssa1∆∆ mutant showed the same invasion 
ability as its parental strain CAF2-1 and the revertant strain ssa1∆∆ + SSA1. The 
decreased invasion ability seems to result in reduced damage capability as the ssa1∆∆ 
mutant significantly diminished LDH levels released from enterocytes during 
reoxygenation (Figure 23, B). For all other oxygen regimes tested, the ssa1∆∆ mutant 
lead to similar LDH release as CAF2-1 and ssa1∆∆ + SSA1. Thus, this suggests that 
induced endocytosis contributes to fungal invasion and subsequent host cell damage 
during reoxygenation. 
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Taken together, the results indicate that reoxygenation renders enterocytes more 
susceptible to C. albicans infection whereas hypoxic shock exhibits protective effects on 
enterocyte barrier function.  
4.4. Mechanistic analyses of oxygen-dependent C. albicans-enterocyte inter-
action 
The oxygen availability within the physiological range of 1 % - 10 % O2 did not impair the 
barrier function of mock-infected C2BBe1 cells (see 4.2.). Furthermore, hypoxia led to a 
prolonged adaptation phase in fungal growth assays but no general growth reduction at 
hypoxic conditions was observed (see 4.1.). While the latter together with altered 
invasion properties might contribute to the oxygen-dependent differences in C. albicans-
mediated enterocyte damage (see 4.3.), it appeared unlikely that a general oxygen-
dependent effect on fungal growth alone would sufficiently explain differences in 
damage. Thus, the fungal and host response during infection at varying oxygen regimes 
was investigated in more detail in order to elucidate molecular mechanisms which cause 
the observed oxygen-dependent infection phenotypes. 
4.4.1. Host response  
4.4.1.1. Intracellular ROS production  
ROS are known to be produced during IR injury and have destructive effects on epithelial 
cell membranes which mediate tissue damage 97,98,152. It thus appeared likely that ROS 
injury contributed to the enhanced enterocyte susceptibility to C. albicans infection, and 
therefore, the intracellular ROS production was determined 24 h p.i. 
Both mock-infected and C. albicans-infected enterocytes showed an increased ROS 
production at normoxia compared to hypoxia (Figure 24). The ROS production in mock-
infected C2BBe1 cells was higher during reoxygenation than hypoxic shock (Figure 24, 
left). However, the infection of enterocytes with C. albicans led to similar ROS levels 
during reoxygenation and hypoxic shock (Figure 24, right). This could be due to surface-
associated fungal ROS detoxification systems 153-155. 
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Figure 24: The increased intracellular ROS production during reoxygenation of mock-
infected enterocytes is diminished after infection with C. albicans. ROS were determined in 
mock- and C. albicans-infected C2BBe1 cells 24 h p.i. using DCFDA. Results of three biological 
replicates each performed in triplicates are shown as mean ± SD. Tert-butyl hydrogen peroxide 
(TBHP) was used as positive control for ROS induction and results are depicted as mean ± SD 
from all oxygen regimes. Statistical analysis was performed across all data sets for mock- or 
fungal-infected enterocytes using a one-way ANOVA with Tukey's multiple comparisons test. * 
Significant differences compared to 10 % O2 (* P < 0.05, ** P < 0.01). # Significant differences 
compared to 21 % O2 (# P < 0.05, ### P < 0.001). § P < 0.001 compared to all other conditions 
(except for infected enterocytes at constant 21 % O2) according to one-way ANOVA with 
Dunnett’s multiple comparisons test. 
Nevertheless, the increased ROS levels of mock-infected enterocytes during 
reoxygenation at the onset of infection could render these epithelial cells more 
susceptible to the C. albicans infection. 
4.4.1.2. HIF-1α expression and its influence on the enterocyte susceptibility to 
C. albicans infection 
HIF-1α, the key player of hypoxic adaptation in human cells, was shown to play an 
important role in the protection and defense against microbial pathogens 108-110,156. 
Therefore, to analyze whether HIF-1α is involved in the protective effect observed during 
hypoxic shock, the protein expression of HIF-1α for both mock-infected and C. albicans-
infected C2BBe1 cells was investigated. 
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Figure 25: The HIF-1α protein expression is increased at low oxygen in mock-infected 
enterocytes but enhanced at normoxia and during reoxygenation after C. albicans 
infection. HIF-1α protein expression was determined in (A) mock-infected and (B) C. albicans-
infected C2BBe1 cells using whole cell extracts. Western Blot protein bands were quantified with 
the ImageJ software and normalized to the actin loading control. 200 µM CoCl2 was used as 
positive control for mock-infected enterocytes. Results of at least three biological replicates are 
shown as mean ± SD. Statistical analysis was performed across all data sets using a one-way 
ANOVA with Tukey's multiple comparisons test. (A) * P < 0.05 compared to all groups not treated 
with CoCl2. (B) * Significant differences as indicated by lines (* P < 0.05, ** P < 0.01). # Significant 
differences to constant 21 % O2 (# P < 0.05, ## P < 0.01). ° Significant differences to constant 
10 % O2 (° P < 0.05, °° P < 0.01, °°° P < 0.001). 
24 h after mock-infection, HIF-1α was strongly expressed at both hypoxia and hypoxic 
shock compared to normoxia and reoxygenation (Figure 25, A; see Appendix 8.1., Suppl. 
Figure 2 A for representative protein bands). As expected, challenging C2BBe1 cells with 
the hypoxia-mimicking agent CoCl2 resulted in a strong increase of HIF-1α expression at 
normoxia (Figure 25, A; see Appendix 8.1., Suppl. Figure 2 C for representative protein 
bands). This demonstrates the oxygen-dependent regulation of HIF-1α in the enterocytes 
used in this study. Furthermore, these results are consistent with previous findings for 
Caco-2 and HT-29 enterocytes 157. The infection of C2BBe1 cells with C. albicans for 
24 h significantly increased the HIF-1α expression at normoxia and during reoxygenation 
(Figure 25, B; see Appendix 8.1., Suppl. Figure 2 B for representative protein bands). 
These findings are consistent with previous studies showing that bacteria and 
A. fumigatus induce the HIF-1α expression in macrophages, dendritic cells and 
enterocytes at ambient and reperfusion conditions 108,157,158. However, the expression 
levels of HIF-1α did not increase at hypoxia and hypoxic shock after infection.  
To determine whether oxygen-dependent HIF-1α expression affects enterocyte 
susceptibility, the HIF-1α inducer CoCl2 and the inhibitor BAY 87-2243 were used in 
infections experiments to induce or inhibit HIF-1α expression, respectively. The HIF-1α 
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inhibitor BAY 87-2243 was applied prior to and during mock-/infection. In contrast, CoCl2 
was used only before infection due to its negative effects on C. albicans filamentation 
(see Appendix 8.1., Suppl. Figure 3). The effect of both compounds on HIF-1α protein 
levels was determined after oxygen shifts immediately prior to mock-/infection (0 h) as 
well as 4.5 h and 24 h after mock- or fungal infection of enterocytes. 
 
Figure 26: The HIF-1α inhibitor BAY 87-2243 and the inducer CoCl2 do not affect LDH 
release of mock-infected enterocytes but CoCl2 strongly decreases the LDH levels after 
C. albicans infection. Prior to mock- and fungal infection, C2BBe1 cells were treated with either 
200 µM CoCl2 (24 h), an HIF-1α inducer, or with 100 nM BAY 87-2243 (5 h), an inhibitor of HIF-
1α. 100 nM BAY 87-2243 was also included in the medium used for mock- and C. albicans 
infection. The LDH levels of (A) mock-infected and (B) C. albicans-infected C2BBe1 cells were 
determined 24 h p.i. and are depicted as LDH release relative to high control. For the calculation 
of LDH values after fungal infection, LDH release from mock-infected enterocytes were 
subtracted. Results of at least three biological replicates are shown as mean ± SD. Statistical 
analysis was performed across all data sets for each oxygen regime using one-way ANOVA with 
Tukey's multiple comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.001. 
The LDH release of mock-infected enterocytes was not influenced by CoCl2 and was 
only slightly reduced after the treatment with BAY 87-2243 at all oxygen regimes (Figure 
26, A). However, CoCl2-treatment prior to infection significantly reduced the LDH release 
of enterocytes at normoxia and during reoxygenation (Figure 26, B). Furthermore, the 
relatively low LDH levels of untreated C2BBe1 cells at hypoxia and hypoxic shock were 
further decreased after the treatment of enterocytes with CoCl2. However, the treatment 
of C2BBe1 cells with the inhibitor BAY 87-2243 led to significantly increased LDH levels 
only at normoxia (Figure 26, B). Nevertheless, these findings indicate that HIF-1α indeed 
affects the susceptibility of enterocytes to C. albicans infection. 
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Figure 27: The CoCl2-treatment increases the protein expression of HIF-1α prior to and 
4.5 h after mock- or C. albicans infection of enterocytes. The HIF-1α protein expression was 
determined by Western Blot. Protein bands were quantified with the ImageJ software and 
normalized to the actin loading control. Prior to mock- and fungal infection, C2BBe1 cultures were 
treated with 200 µM CoCl2 (for 24 h) or left untreated, respectively. HIF-1α expression was 
determined (A) immediately before mock-infection (1.5 h after oxygen shifts), (B) 4.5 h and (C) 
24 h after mock-infection, and (D) 4.5 h and (E) 24 h after infection with C. albicans. Results of 
three biological replicates are shown as mean ± SD (except for (C) 21 → 1 with CoCl2: two 
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biological replicates). Statistical significance of CoCl2-treatment was determined using an 
unpaired two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.001.  
The analysis of HIF-1α expression prior to fungal and mock-infection (0 h) confirmed that 
CoCl2 significantly increased HIF-1α expression (Figure 27, A; see Appendix 8.1., Suppl. 
Figure 4 for representative proteins bands). As CoCl2 was not included in the media 
during mock- and fungal infection, this effect declined over time (Figure 27, B and C; see 
Appendix 8.1., Suppl. Figure 5 A and B for representative protein bands). However, the 
pretreatment of enterocytes with CoCl2 was still effective 4.5 h p.i. leading to increased 
HIF-1α levels at all oxygen concentrations tested (Figure 27, D; see Appendix 8.1., 
Suppl. Figure 6 A for representative protein bands). This effect was followed by a 
decreased HIF-1α expression 24 h after infection with C. albicans (Figure 27, E; see 
Appendix 8.1., Suppl. Figure 6 B for representative protein bands). 
The treatment of enterocytes with BAY 87-2243 prior to fungal and mock-infection led to 
decreased HIF-1α expression levels at constant oxygen and reoxygenation (Figure 28, 
A; see Appendix 8.1., Suppl. Figure 4 for representative proteins bands). The effect of 
BAY 87-2243 was also maintained 4.5 h (Figure 28, B; see Appendix 8.1., Suppl. Figure 
5 A for representative protein bands) and 24 h (Figure 28, C; see Appendix 8.1., Suppl. 
Figure 5 B for representative protein bands) after mock-infection as the inhibitor was 
present throughout the experiments. During hypoxic shock, however, HIF-1α expression 
was slightly increased 4.5 h after mock-infection in BAY 87-2243-treated cells compared 
to the untreated enterocytes (Figure 28, B). Interestingly, the infection of C2BBe1 cells 
with C. albicans abolished the inhibitory effect of BAY 87-2243 leading to increased HIF-
1α levels at almost all oxygen regimes 4.5 h (Figure 28, D; see Appendix 8.1., Suppl. 
Figure 6 A for representative protein bands) and 24 h p.i. (Figure 28, E; see Appendix 
8.1., Suppl. Figure 6 B for representative protein bands).  
Altogether, these data suggest that the HIF-1α induction prior to (Figure 27, A and Figure 
28, A) and at early time points of infection (4.5 h; Figure 27, D) reduces C. albicans 
damage to enterocytes and thereby contributes to the protective effect of hypoxic shock 
against C. albicans infection. 
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Figure 28: The treatment of enterocytes with BAY 87-2243 reduces the HIF-1α protein 
expression prior to and after mock-infection but has no inhibitory effect after fungal 
infection. The HIF-1α protein expression was determined by Western Blot. Protein bands were 
quantified with the ImageJ software and normalized to the actin loading control. Prior to mock- 
and fungal infection, C2BBe1 cultures were treated with 100 nM BAY 87-2243 (for 5 h) or left 
untreated, respectively. 100 nM BAY 87-2243 was also included in the medium used for mock- 
and C. albicans infection. HIF-1α expression was determined (A) immediately before mock-
infection (1.5 h after oxygen shifts), (B) 4.5 h and (C) 24 h after mock-infection, and (D) 4.5 h and 
(E) 24 h after infection with C. albicans. Results of three biological replicates are shown as mean 
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± SD. Statistical significance of treatment with BAY 87-2243 was determined using an unpaired 
two-tailed t-test. * P < 0.05, ** P < 0.01. 
4.4.1.3. Secretion of LL-37 
Previous studies revealed that HIF-1α executes its antimicrobial activities at least partly 
by inducing the antimicrobial cathelicidin LL-37 109,158. As the induction of HIF-1α at early 
time points of infection (0 h and 4.5 h p.i.) contributes to the protective effect during 
hypoxic shock (see 4.4.1.2.), it appeared possible that HIF-1α-mediated increased LL-37 
secretion contributed to protection. Therefore, the secretion of this AMP was quantified in 
the supernatants from both mock- and C. albicans-infected C2BBe1 cells 4.5 h and 24 h 
p.i.  
 
Figure 29: LL-37 secretion of mock- and C. albicans-infected enterocytes is increased at 
normoxia and reoxygenation. LL-37 concentrations were determined using supernatants of 
mock- and C. albicans-infected C2BBe1 cultures (A) 4.5 h and (B) 24 h after mock-/infection. 
Results of three biological replicates are shown as mean ± SD. Dashed line indicates detection 
limit of LL-37 (0.1 ng/ml). Statistical analysis was performed across all data sets for mock- or 
fungal-infected enterocytes using one-way ANOVA with Tukey's multiple comparisons test. 
* Significant differences as indicated by lines (* P < 0.05, ** P < 0.01, *** P < 0.001); # significant 
differences compared to reoxygenation (1 % → 10 %; # P < 0.01). To determine whether 
significant differences exist between mock- and C. albicans-infected enterocytes, an unpaired 
two-tailed t-test was performed. Significant differences are indicated by ° (° P < 0.05, °° P < 0.01, 
°°° P < 0.001).   
At the early time point of infection (4.5 h; Figure 29, A), both mock- and C. albicans-
infected enterocytes secreted increased amounts of LL-37 at normoxia and 
reoxygenation which was more pronounced after fungal infection. The LL-37 levels at 
hypoxia and hypoxic shock were below or close to detection limit (0.1 ng/ml) after both 
mock- and C. albicans infection.  
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The secretion of LL-37 after mock-infection was not increased after a prolonged 
incubation time (24 h; Figure 29, B): The LL-37 levels were still close to the detection 
limit except for constant oxygen supply at 10 % O2. This slightly increased concentration 
could be due to the increased proliferation rate of enterocytes at this condition (see 
4.2.2., Figure 14). However, C. albicans infection significantly increased the secretion of 
LL-37 irrespective of oxygen availability (Figure 29, B), with highest concentrations at 
10 % O2 and reoxygenation.  
Thus, as secretion of LL-37 was highest upon infection during normoxia and after 
reoxygenation, the condition associated with highest fungal-mediated damage of 
enterocytes (see 4.3.1.), it appears unlikely that the protective effect of hypoxic shock is 
mediated by this AMP. 
4.4.1.4. Expression of CEACAM1 and CEACAM6 in response to C. albicans 
infection 
Recently, it was shown that C. albicans can bind to CEACAMs expressed on the surface 
of C2BBe1 cells which leads to an increased expression of CEACAMs and is associated 
with an immunomodulatory response 159. As oxygen-dependent differences of infection 
phenotypes were observed, the possibility whether this is caused by an altered fungal 
recognition by host cells was tested. Therefore, the protein expression of CEACAM1 and 
CEACAM6 was determined at varying oxygen concentrations for both mock- and 
C. albicans-infected C2BBe1 cells using whole cell lysates and cell culture supernatants.  
The expression of membrane-bound (Figure 30, A and C; see Appendix 8.1., Suppl. 
Figure 7 A for representative protein bands) and secreted (Figure 30, B and D; see 
Appendix 8.1., Suppl. Figure 7 B for representative protein bands) CEACAMs in C2BBe1 
cells was not influenced by oxygen 24 h after mock-infection. However, the C. albicans 
infection caused an increased expression of both CEACAMs especially during 
reoxygenation. This was more pronounced for secreted CEACAMs (Figure 30, B and D). 
These results suggest that the infection of enterocytes with C. albicans leads to an 
increased host response during reoxygenation.  
62 Results  
 
 
Figure 30: The expression of CEACAM1 and CEACAM6 is increased in C. albicans-infected 
enterocytes during reoxygenation. CEACAM1 (A, B) and CEACAM6 (C, D) expression of 
mock-infected and C. albicans-infected C2BBe1 cultures were determined by Western Blot using 
(A, C) whole cell lysates and (B, D) cell culture supernatants. The protein bands were quantified 
using the Image Studio Lite Software and adjusted to 14-3-3 loading control for whole cell lysates. 
Adjusted CEACAM1 and CEACAM6 signals were normalized to respective CEACAM signal 
intensities of mock-infected C2BBe1 cells at 21 % O2. Results of three biological replicates are 
shown as mean ± SD. Statistical analysis was performed across all data sets using one-way 
ANOVA with Tukey's multiple comparisons test. * Significant difference as indicated by line 
(* P < 0.05). # Significant differences compared to infected enterocytes after reoxygenation from 
1 % to 10 % O2 (# P < 0.05, ## P < 0.01, ### P < 0.001). ° Significant differences compared to 
infected enterocytes after reoxygenation from 1 % to 21 % O2 (° P < 0.05, °° P < 0.01, 
°°° P < 0.001). Western Blot analyses, quantification, adjustment and normalization of CEACAM 
protein bands were performed and kindly provided by Esther Klaile from Host Septomics. 
4.4.1.5. Secretion of cytokines 
Intestinal epithelial cells are able to produce cytokines in response to bacterial and 
fungal infection, to LPS-stimulation, or during inflammatory diseases, with high 
abundance for IL-8, MCP-1, GM-CSF, TNFα, IL-33, IL-1β and IL-6 62,146-149. Furthermore, 
a recent study showed that HIF-1α can modulate the pro-inflammatory cytokine response 
in dendritic cells upon exposure to A. fumigatus 108. Therefore, the release of cytokines 
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into the supernatant by C2BBe1 cells upon infection with C. albicans at different oxygen 
levels was analyzed. First, a ProcartaPlex® Immunoassay for IL-8, MCP-1, GM-CSF, 
TNFα, IL-33, IL-1β and IL-6 was performed using LPS-treated C2BBe1 cells 24 h after 
stimulation as positive control. Concentrations above the detection limit were only 
detected for IL-6, MCP-1 and IL-8 (Figure 31). Thus, a detailed quantification by ELISA 
was performed for these three factors.  
 
Figure 31: The production of IL-6, MCP-1 and IL-8 is increased in C. albicans-infected and 
LPS-treated enterocytes. Seven days old C2BBe1 cells were mock-infected, inoculated with 
fungal cells or treated with 2.5 µg/ml LPS for 24 h. Supernatants were used to determine IL-6, 
MCP-1 and IL-8 concentrations with a ProcartaPlex® Immunoassay. Results of one biological 
replicate performed in duplicates are shown as mean ± SD. Dashed lines indicate respective 
detection limit of IL-6 (10 pg/ml), MCP-1 (1.1 pg/ml) and IL-8 (2.5 pg/ml). 
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Figure 32: The secretion of IL-8 is increased during reoxygenation whereas IL-6 levels are 
below the detection limit and MCP-1 concentrations are not affected by both oxygen and 
incubation time. Supernatants of both mock-infected and C. albicans-infected C2BBe1 cultures 
were used to determine (A, B) IL-6, (C, D) MCP-1 and (E, F) IL-8 concentrations (A, C, E) 4.5 h 
and (B, D, F) 24 h after mock- and fungal infection. Results of three biological replicates are 
shown as mean ± SD. Dashed lines indicate detection limit of IL-6 (2 pg/ml), MCP-1 (7 pg/ml) and 
IL-8 (2 pg/ml), respectively. Statistical analysis was performed across all data sets for mock- or 
fungal-infected enterocytes using one-way ANOVA with Tukey's multiple comparisons test. 
* Significant difference indicated by line (* P < 0.05, ** P < 0.01, *** P < 0.001). ° Significant 
difference compared to reoxygenation from 1 % to 10 % O2 (° P < 0.05, °° P < 0.01, 
°°° P < 0.001). # Significant difference compared to reoxygenation from 1 % to 21 % O2 
(# P < 0.05, ## P < 0.01, ### P < 0.001). 
In contrast to the results of the ProcartaPlex® Immunoassay, IL-6 levels were found to 
be below the detection limit (2 pg/ml) of the commercially available ELISA Kit used (see 
chapter 3.1.4., Table 6) for all groups 4.5 h p.i (Figure 32, A). 24 h p.i., detectable IL-6 
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concentrations were observed only for infected enterocytes at constant 21 % O2 supply, 
during reoxygenation, and when cells were shifted from 21 % to 1 % O2 (Figure 32, B). 
Therefore, these results allowed no further conclusions. 
Similar to the results of the Immunoassay pre-test, the MCP-1 levels determined by 
ELISA (see chapter 3.1.4., Table 6) were close to or only slightly above the detection 
limit (7 pg/ml). Although the MCP-1 levels were increased during hypoxic shock 21 % → 
1 % 4.5 h p.i. (Figure 32, C) and for mock-infected enterocytes 24 h p.i. during 
reoxygenation 1 % → 21 % (Figure 32, D), no clear trend of the MCP-1 secretion was 
observed irrespective of oxygen and incubation time. Thus, it seems that this cytokine 
does not contribute to the oxygen-dependent response of C2BBe1 cells to C. albicans 
infection. 
In contrast to IL-6 and MCP-1, the IL-8 levels of mock-infected enterocytes were 
significantly increased during reoxygenation, both 4.5 h (Figure 32, E) and 24 h p.i. 
(Figure 32, F). Infection of enterocytes with C. albicans did not affect IL-8 secretion 
within the first 4.5 h p.i. (Figure 32, E), but led to a significant increase 24 h after fungal 
inoculation (Figure 32, F). The highest concentrations were observed at normoxia and 
during reoxygenation (Figure 32, F). This correlates with the extent of fungal damage 
(see 4.3.1). In addition, as it was shown that C. albicans binding to CEACAM1 induces 
IL-8 production 159, the increased CEACAM1 expression after fungal infection might 
contribute to enhanced IL-8 secretion during reoxygenation.  
4.4.1.6. Availability of nutrients and metabolic changes 
Nutrient availability, such as glucose, and the production of metabolites, like lactate, is 
known to affect C. albicans growth and filamentation 160,161. Furthermore, fungal 
adaptation to different carbon sources significantly influences the host-fungus interaction 
45. Thus, oxygen-induced changes in enterocyte metabolism could have an impact on 
C. albicans, thereby influencing the C. albicans-enterocyte interaction and contributing to 
the oxygen-dependent differences in damage. In order to analyze changes in 
metabolism, the amount of lactate and glucose was determined in supernatants from 
C2BBe1 cells cultured at different oxygen regimes after mock- and fungal infection, 
respectively. 
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Figure 33: The lactate production is increased at 10 % O2 and during hypoxic shock after 
mock- and fungal infection whereas the glucose levels are rapidly reduced in supernatants 
of C. albicans-infected enterocytes. (A, C) Lactate and (B, D) glucose levels were determined 
from supernatants of (A, B) mock-infected and (C, D) C. albicans-infected C2BBe1 cultures 4.5 h, 
12 h and 24 h after infection. Data of three biological replicates are shown as mean ± SD. 
Statistical analysis was performed across all data sets within one time point using a one-way 
ANOVA with Tukey's multiple comparisons test. * Significant difference indicated by line 
(* P < 0.05). # Significant difference compared to shift from 10 % to 1 % O2 (# P < 0.05, 
## P < 0.01, ### P < 0.001). ° Significant difference compared to shift from 21 % to 1 % O2 
(° P < 0.05, °° P < 0.01, °°° P < 0.001). 
Lactate production (Figure 33, A and C) and glucose consumption (Figure 33, B and D) 
increased over time in both mock-infected enterocytes and cells infected with 
C. albicans. As expected, significant higher lactate levels were observed during hypoxic 
shock as a result of the adaptation of enterocytes to reduced oxygen availability (Figure 
33, A and C). The increased lactate levels observed at constant 10 % O2 are likely due to 
the higher proliferation rate of enterocytes at this condition (see 4.2.2., Figure 14). 
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Whereas the lactate production was comparable for C. albicans- and mock-infected 
enterocytes, the glucose concentration was reduced more rapidly after fungal infection 
leading to full glucose depletion 24 h p.i. (Figure 33, D). This strong reduction in glucose 
levels is likely mediated by the fungal metabolism as C. albicans is known to efficiently 
utilize glucose 14,160,162. The glucose consumption of mock-infected enterocytes was 
increased during hypoxic shock and at constant 10 % O2 supply (Figure 33, B) which is 
consistent with the increased lactate production at these conditions, indicating metabolic 
adaptation. 
In order to determine if increased lactate production during hypoxic shock contributes to 
the reduced C. albicans-mediated damage, C2BBe1 cells were exposed to different 
lactate concentrations in parallel to the infection with the fungus. However, lactate 
concentrations ranging from 5 mM to 25 mM did not affect damage at different oxygen 
regimes as determined by LDH release (Figure 34). These findings suggest that neither 
lactate production nor the reduction of glucose levels affect at least the fungal-mediated 
damage of enterocytes. 
 
Figure 34: Lactate does not influence the LDH release of C. albicans-infected enterocytes. 
The LDH levels of C. albicans-infected C2BBe1 cells were determined after treatment of 
enterocytes with different lactate concentrations in parallel to fungal infection. LDH concentrations 
were determined 24 h p.i. using an LDH standard. Data of three biological replicates each 
performed in triplicates are shown as mean ± SD. No significant differences between data sets 
within each oxygen condition were observed using a one-way ANOVA with Tukey's multiple 
comparisons test. 
4.4.2. Fungal response 
While enterocytes were exposed to constant oxygen, hypoxic shock, and reoxygenation 
prior to infection, the fungus was added to the enterocytes 1.5 h after the oxygen shifts 
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took place. Thus, C. albicans had to face only different constant oxygen concentrations 
during the infection process. Consequently, the oxygen concentrations encountered by 
C. albicans were the same for constant low oxygen and hypoxic shock, and for constant 
normoxia and reoxygenation, respectively. The growth analysis of C. albicans mono-
cultures revealed only a prolonged adaptation phase but no growth reduction at hypoxic 
conditions (0.2 % - 2 % O2) compared to normoxia (see 4.1.). Nevertheless, significant 
differences were observed for the fungal adhesion and invasion ability, and the damage 
capability at the different oxygen regimes suggesting that enterocytes influence 
C. albicans. This raised the question if the behavior of the fungal cells is influenced by 
both the different oxygen regimes, used in this study, and the presence of enterocytes. 
4.4.2.1. Growth and hyphal length of C. albicans in the presence of enterocytes 
In order to analyze the growth of C. albicans on enterocytes, the fungal burden and the 
filamentation of C. albicans on C2BBe1 cells was quantified 4.5 h and 24 h p.i. by 
determining the CFUs and measuring hyphal length, respectively. 
 
 
Figure 35: Hypoxic shock leads to reduced fungal CFUs and shorter filaments 4.5 h after 
infection of enterocytes with C. albicans. (A) C. albicans cells were incubated for 4.5 h and 
24 h on C2BBe1 cells. The fungal burden was determined as CFUs/well after Zymolyase® 
treatment. Results of at least three biological replicates each performed in duplicates are shown 
as mean ± SD. Statistical analysis was performed across all data sets of each incubation time 
point using a one-way ANOVA with Tukey's multiple comparisons test. * Significant difference 
indicated by lines (* P < 0.05, ** P < 0.01, *** P < 0.001). # P < 0.001 compared to 1 % O2. (B) 
Hyphal length of C. albicans incubated for 4.5 h on plastic and on C2BBe1 cells. 100 fungal cells 
were measured per well; results of nine (on plastic) or four (on enterocytes) biological replicates 
each performed in duplicates are shown as Whisker-Box-Plot. Statistical analysis of hyphal length 
on enterocytes was performed across all data sets using a one-way ANOVA with Tukey's multiple 
comparisons test. An unpaired two-tailed t-test was used for analysis of hyphal length on plastic 
Results 69 
 
and for comparison of hyphal length on plastic and on enterocytes at the different oxygen 
concentrations. * P < 0.05, ** P < 0.01, *** P < 0.001.   
The growth of C. albicans on enterocytes initially led to significantly reduced CFUs at 
hypoxia and during hypoxic shock (Figure 35, A). 24 h p.i., however, the number of 
CFUs was significantly increased at these conditions compared to normoxia and 
reoxygenation. This indicates no general growth defect at low oxygen on enterocytes but 
a prolonged adaptation phase, which is consistent with the findings for the growth of 
C. albicans on plastic surfaces (see 4.1.3., Figure 9). The hyphal length of C. albicans 
grown on enterocytes was significantly reduced on enterocytes that underwent hypoxic 
shock compared to normoxia and reoxygenation (Figure 35, B). Furthermore, the hyphae 
of fungal cells grown on enterocytes during hypoxic shock were also significantly shorter 
than those grown on enterocytes at hypoxia although the oxygen concentration for the 
fungus was identical. This suggests that enterocytes do affect the C. albicans 
filamentation. This is supported by the observation that C. albicans hyphae were 
significantly longer after growth on enterocytes (70 – 80 µm) compared to the growth on 
plastic surfaces (40 – 45 µm) at hypoxia and normoxia. 
These results suggest that the oxygen-preconditioning of enterocytes affects the 
filamentous growth of C. albicans. Furthermore, the reduced fungal burden and hyphal 
length during early interaction with enterocytes that underwent hypoxic shock could 
indicate that the early interaction of C. albicans with enterocytes is the most important 
phase for damage outcome after 24 h. This would be consistent with the observations 
regarding HIF-1α (see chapter 4.4.1.2., Figure 26 – Figure 28).  
4.4.2.2. The influence of nutrient availability and secreted factors on the 
filamentation of C. albicans 
Enterocytes produced significantly higher amounts of lactate during hypoxic shock (see 
4.4.1.6.; Figure 33, A and C) and fungal hyphae were significantly shorter for C. albicans 
cells grown on C2BBe1 cells exposed to this condition (see 4.4.2.1.; Figure 35). A 
previous study showed reduced filamentation rates of C. albicans in lactate-containing 
medium compared to fungal growth in the presence of glucose only 160. Thus, the 
influence of lactate on the filamentation of C. albicans was analyzed even though this 
metabolite did not influence the fungal-mediated LDH release of enterocytes (see 
4.4.1.6.; Figure 34). Therefore, fungal cells were cultivated in DMEM supplemented with 
0 mM, 5 mM or 20 mM lactate. In addition, the influence of the nutrient availability was 
further investigated by cultivation in the presence or absence of 25 mM glucose.  
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C. albicans cells grown in DMEM without glucose exhibited significantly shorter hyphae 
compared to DMEM with glucose both at hypoxia and normoxia (Figure 36). The 
presence of different lactate concentrations did not influence hyphal length. But by trend, 
compared to filamentation at normoxia longer hyphae were observed at hypoxia in 
DMEM lacking glucose whereas the glucose supplementation resulted in slightly shorter 
hyphae at hypoxia.  
 
Figure 36: C. albicans hyphae are significantly shorter in the absence of glucose but their 
length is not significantly affected by lactate or oxygen. The hyphal length was determined 
after 4.5 h cultivation in DMEM on plastic with or without 25 mM glucose supplemented with 0, 5 
or 20 mM lactate. For each technical replicate 100 hyphae were measured. Results of three 
biological replicates each performed in duplicate are shown as mean ± SD. Statistical analysis 
was performed across all data sets within each oxygen concentration using a one-way ANOVA 
with Tukey's multiple comparisons test. * P < 0.001 compared to respective 25 mM glucose 
without lactate. # P < 0.001 compared to respective 25 mM glucose + 5 mM lactate. ° P < 0.001 
compared to respective 25 mM glucose + 20 mM lactate. 
In order to determine whether other secreted enterocyte factors influence the hyphal 
growth of C. albicans in an oxygen-dependent manner, fungal cells were cultivated with 
supernatants of mock- and C. albicans-infected C2BBe1 cells, as well as with 
supernatants of C. albicans mono-cultures, grown under different oxygen concentrations. 
Supernatants of mock-infected enterocytes had no effect on hyphal length at any oxygen 
concentration (Figure 37, A). Hyphal length was reduced upon cultivation of C. albicans 
in supernatants of either infected enterocytes or C. albicans mono-cultures compared to 
fresh medium, but irrespective of oxygen availability (Figure 37, B and C). The significant 
reduction in hyphal length after the growth in these supernatants is likely caused by the 
reduction of nutrients, especially glucose (Figure 37, D; see 4.4.1.6., Figure 33, D for 
C. albicans-infected enterocytes), which results in the reduction of hyphal length (Figure 
36).  
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Figure 37: The supernatants of enterocyte and C. albicans co- and mono-cultures do not 
affect the hyphal length whereas the reduced glucose levels in C. albicans cultures reduce 
fungal filamentation. C. albicans cells were cultivated on collagen I-coated wells without 
enterocytes for 4.5 h in supernatants of (A) mock-infected C2BBe1 cells, (B) C. albicans-infected 
C2BBe1 cells or (C) C. albicans cells. The hyphal length was determined for 100 hyphae per 
technical replicate. Results of three biological replicates each performed in duplicates are shown 
as mean ± SD. Statistical analysis was performed across all data sets within each oxygen 
concentration using a one-way ANOVA with Tukey's multiple comparisons test. * P < 0.05, 
** P < 0.01, *** P < 0.001 compared to respective medium control. (D) Glucose levels were 
determined from supernatants of C. albicans cells grown on plastic in DMEM 4.5 h, 12 h and 24 h 
after inoculation. Data of three biological replicates are shown as mean ± SD. Statistical analysis 
was performed across all data sets within one time point using a one-way ANOVA with Tukey's 
multiple comparisons test. * Significant difference indicated by line (* P < 0.05).  
These findings indicate that neither specific secreted fungal nor host factors affect hyphal 
growth under the conditions used for enterocyte damage assays. Nutrient availability, 
especially glucose, has a significant impact on hyphal growth. However, the influence of 
host cells on the hyphal growth cannot be explained by glucose availability: The shortest 
hyphae were observed after hypoxic shock although glucose consumption was higher at 
constant normoxia. It thus seems that the impact of enterocyte preconditioning on hyphal 
growth requires direct cell-cell-contact. 
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4.4.2.3. The influence of fungal adaptation to hypoxia on the interaction with 
enterocytes 
Most experiments described so far indicate that host cell adaptation rather than fungal 
factors contribute to the oxygen-dependent infection outcome. However, the ability of 
C. albicans to adapt to oxygen availabilities could also contribute to the observed 
differences. To test this hypothesis, fungal factors shown to be crucial for the hypoxic 
adaptation were analyzed regarding their contribution to enterocyte damage at different 
oxygen concentrations. Therefore, previously created C. albicans deletion mutants for 
ACE2, EFG1, TYE7, UPC2 as well as a “wild-type” control strain 126 were used to infect 
enterocytes. In addition to damage analysis, the growth of deletions mutants was 
examined at different oxygen concentrations to ensure that the observed damage 
phenotypes are not due to general growth defects. 
Consistent to the growth analysis of the C. albicans wt strain SC5314 (see 4.1.1.; Figure 
6), the “wild-type” control strain used showed a slightly prolonged log-phase at hypoxia 
(Figure 38, A) compared to normoxia (Figure 38, B and C) but showed no considerable 
growth reduction. Independent of oxygen, the growth of efg1∆∆, tye7∆∆ and upc2∆∆ was 
clearly impaired compared to the growth of the “wild-type” control strain, with the 
strongest impairment observed for upc2∆∆ (Figure 38). This growth reduction was most 
pronounced at hypoxia (Figure 38, A): efg1∆∆ and tye7∆∆ reached approx. 60 % of the 
“wild-type”-OD after a cultivation time of 14 h. The OD of upc2∆∆ was even lower at this 
time point. The deletion of ACE2 (ace2∆∆) led to an only slightly reduced growth 
compared to the control strain, resulting in approx. 90 % of the “wild-type”-OD 
irrespective of oxygen (Figure 38).  
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Figure 38: Hypoxia aggravates the impaired growth of efg1∆∆, tye7∆∆ and upc2∆∆ whereas 
the growth of ace2∆∆ is comparable with the “wild-type” control strain at hypoxia and 
normoxia. The C. albicans deletion strains ace2∆∆, efg1∆∆, tye7∆∆ and upc2∆∆ as well as 
respective “wild-type” control strain were cultivated at (A) 1 %, (B) 10 % and (C) 21 % O2 in YPD 
medium at 37 °C and 5 % CO2 for 14 h. The OD600 was measured manually every 30 min. Data of 
three biological replicates each performed in triplicates are presented as mean (except for 
efg1∆∆, tye7∆∆ and upc2∆∆ at 1 % O2: two biological replicates). 
Consistent with the damage phenotype observed for the C. albicans wt strain SC5314 
(see 4.3.1.; Figure 17 – Figure 20), the “wild-type” control strain caused increased 
damage during reoxygenation whereas hypoxic shock reduced fungal-mediated LDH 
release by enterocytes (Figure 39). However, these oxygen-dependent differences were 
not as pronounced as observed for SC5314. Almost no LDH levels were detectable for 
the mutants with deletion of EFG1 (efg1∆∆) and UPC2 (upc2∆∆), independent of oxygen 
(Figure 39, B and D) and, hence, independent of fungal growth (see Figure 38). This 
indicates a general virulence defect of these deletion mutants. The infection of 
enterocytes with ace2∆∆ also resulted in significantly reduced damage irrespective of 
oxygen availability, indicating a general virulence defect (Figure 39, A). Interestingly, 
compared to the “wild-type” control strain the TYE7 deletion mutant (tye7∆∆) led to 
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increased damage at normoxia and during reoxygenation, whereas this mutant was 
clearly attenuated in infection at hypoxia and during hypoxic shock (Figure 39, C).  
 
Figure 39: LDH levels for ace2∆∆, efg1∆∆, and upc2∆∆ are strongly reduced or almost 
undetectable but tye7∆∆ leads to increased LDH levels at normoxia and during 
reoxygenation. C2BBe1 cells were infected with C. albicans deletion strains (A) ace2∆∆, (B) 
efg1∆∆, (C) tye7∆∆ and (D) upc2∆∆ as well as respective “wild-type” control strain. The LDH level 
is depicted as percentage LDH release relative to the high control. The LDH release from mock-
infected cells was subtracted from all values. Results of four biological replicates each performed 
in triplicates are shown as Whisker-Box-Plot. Comparison of two strains within each oxygen 
condition was performed using an unpaired two-tailed t-test. * P < 0.05, ** P < 0.01, *** P < 0.001. 
Differences between the oxygen conditions were analyzed for each fungal strain using a one-way 
ANOVA with Tukey's multiple comparisons test. § P < 0.05 between two conditions indicated by 
lines. # Significance compared to reoxygenation (1 → 10; ## P < 0.01, ### P < 0.001). 
° Significance compared to hypoxic shock (10 → 1; °° P < 0.01, °°° P < 0.001).  
These data indicate that fungal adaptation to oxygen specifically affects the interaction 
with enterocytes. Since Tye7 is the primary regulator of the central carbon metabolism of 
C. albicans 59, these results furthermore suggest that metabolic adaptation plays a key 
role in oxygen-dependent virulence. 
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5. Discussion 
C. albicans is among the most frequent causes of systemic infections in critically ill 
patients at intensive care units. Specific risk factors are immunosuppression, vascular 
catheters and large abdominal surgical procedures 18. The GIT is thought to be the main 
source of disseminated C. albicans infections 12,28-30, and translocation of C. albicans 
through the gut epithelial barrier into the blood stream appears to be the main route of 
dissemination leading to systemic C. albicans infections 16. Impairment of the gut barrier 
function is a prerequisite for fungal translocation from the GIT into the blood stream and 
internal organs 13,16,21,32. Besides e.g. cancer therapy, intestinal ischemia-reperfusion (IR) 
injury occurring during major surgeries or traumatic shock results in intestinal epithelial 
barrier dysfunction 90,92. The IR-induced breakdown of intestinal epithelial barrier integrity 
increases the intestinal permeability and leads to increased bacterial and fungal 
translocation in vivo 92,95,123. Thus, ischemia and reperfusion represent potential risk 
factors for the development of systemic C. albicans infections. Especially prolonged 
ischemic periods are crucial for the outcome of the IR injury in vivo as the induced barrier 
dysfunction during ischemia is exacerbated by reperfusion 90,94. Upon reperfusion, toxic 
byproducts and metabolites, which accumulate intracellularly during the ischemic period, 
contribute to the severity of systemic consequences of the IR injury in vivo: when the 
tissue is reperfused the toxic byproducts are flushed into the blood stream and are 
transported to other organs, thereby leading to tissue dysfunction 94,99,163. However, to 
which extend reduced oxygen availability, reperfusion-induced damage, or accumulation 
of toxic waste products, respectively, contribute to barrier breakdown and fungal 
translocation is not fully understood. The aim of this study was to focus on the influence 
of oxygen on the interaction of C. albicans with intestinal epithelial cells (IECs), to better 
understand the impact of fluctuations in oxygen on fungal host cell damage and 
translocation.  
5.1. Reoxygenation-induced enterocyte stress likely contributes to enhanced 
damage by C. albicans 
C2BBe1 cells, which were used as an in vitro model for IECs and termed as enterocytes 
throughout this study, represent absorptive enterocytes as they homogeneously express 
brush borders 133. They are commonly cultured under atmospheric conditions in vitro. 
However, the oxygen availability in the GIT is significantly lower and, furthermore, 
steeply decreases along the crypt-to-villus axis and is subject to profound fluctuations 
due to food intake and fasting periods 84-87. Thus, the effect of oxygen on these 
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enterocytes was first investigated in the absence of fungi. C2BBe1 cells were able to 
maintain their barrier function and proliferation at oxygen concentrations ranging from 
1 % to 21 % O2, including shifts from low to high oxygen (reoxygenation) or vice versa 
(hypoxic shock) within this range. This is consistent with fluctuations of oxygen supply in 
the intestinal tissue in vivo ranging from ~ 15 % to ~ 1 % O2 
6,86,88,89. Furthermore, the 
highest proliferation rate was observed at 10 % O2, which resembles the physiological 
oxygen concentration present in the crypts of the GIT where stem cell proliferation 
occurs in vivo 6,71,86. Thus, the C2BBe1 cell line appears to have preserved the capability 
of IECs in vivo to maintain barrier function across the range of physiologically available 
oxygen, and thus can be considered to represent an appropriate in vitro cell culture 
model to study the impact of oxygen fluctuation on the interaction of IECs with 
C. albicans. In contrast, pathophysiological hypoxia, namely 0.2 % O2, was detrimental to 
enterocyte viability. Previous in vivo studies, investigating the effect of intestinal IR on 
gut barrier function, commonly used arterial clamping to induce ischemia. Since this 
method generates almost anoxic conditions, comparable to the 0.2 % O2 used in this 
study, it is not surprising that these studies observed damaged epithelium, impaired tight 
junctions and increased permeability of the gut epithelia barrier following IR 93,164-166. As it 
appears obvious that ischemia-induced enterocyte cell death leads to barrier breakdown 
and thereby facilitates translocation of microorganisms through the severely damaged 
cell layer, this study focused on oxygen conditions that were tolerated by the enterocytes 
to determine whether non-detrimental alterations in oxygen availability impact the 
interactions of C. albicans and enterocytes. 
Indeed, interaction of enterocytes with C. albicans was significantly affected by changes 
in oxygen availability: Reoxygenation of enterocytes shortly before infection significantly 
increased their susceptibility to C. albicans infection enhancing fungal invasion, damage 
capability and translocation. In contrast, mimicking hypoxic shock conditions was 
protective, leading to maintained enterocyte barrier function and reduced translocation of 
C. albicans. These observations are consistent with recent in vivo studies showing that 
reperfusion rather than ischemia leads to intestinal barrier breakdown 94,95. As it was 
shown that IR injury produces ROS which have destructive effects on cellular 
membranes 97,98,152, the increased susceptibility of enterocytes to C. albicans-mediated 
damage at reoxygenation could be due to increased ROS production. Surprisingly 
though, ROS levels of mock-infected enterocytes during reoxygenation were similar to 
those at normoxia at the onset of infection. At both conditions, ROS levels were higher 
than after hypoxic shock, which could indicate that the protective effect of hypoxic shock 
might be in part due to reduced ROS stress, thereby increasing the resilience of 
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enterocytes to infection. However, reoxygenation in the absence of infection was also 
associated with increased IL-8 levels. As previous studies showed that oxidative stress 
correlates with the release of IL-8 in lung and intestinal epithelial cells 167,168, this could 
indicate that, even though ROS levels were comparable, reoxygenation imposed more 
stress on enterocytes compared to normoxic conditions, at reducing resilience to 
additional stressors, and thereby rendering enterocytes more susceptible to C. albicans 
infection. However, this study did not investigate further cellular stress factors. 
Surprisingly though, the increased ROS levels at reoxygenation, but not normoxia, were 
diminished in the presence of C. albicans. This could be due to differential expression of 
fungal ROS detoxification systems, especially superoxide dismutases (Sods), located at 
the surface of C. albicans 153,154. However, the oxygen level for C. albicans at 
reoxygenation and normoxia was the same (10 % and 21 % O2, respectively), and 
therefore differential activity/efficacy of Sods could only be explained by influences of 
enterocytes itself. One factor could be lactate production. Lactate levels were lowest at 
reoxygenation compared to at all other oxygen regimens, and could result in reduction of 
pH except for reoxygenation. It was shown that the pH optimum for the Sod activity is 7 
169. Another study was able to show that pH 8 at 37 °C even increases the transcript 
levels of SOD5 170. As the cultivation medium exhibits a pH of 7.4 and the presence of 
increased lactate levels likely reduce this pH, the activity of Sods could be favored at 
oxygen shifts from low oxygen to normoxia. Thus, the combination of the increased ROS 
production by enterocytes at the onset of infection, when C. albicans was just added, 
and the ability of C. albicans to clear ROS more efficiently in the course of infection to 
protect itself from oxidative stress during reoxygenation, which likely further enhances 
hyphal growth and subsequent invasion, could contribute to the severe infection 
phenotype seen at this condition. However, this hypothesis remains speculative as the 
expression and activity of Sods was not determined in this study. 
5.2. Reoxygenation enhances C. albicans invasion 
As fungal invasion is an essential initial step for infection and thus influences the 
subsequent host cell damage, the increased invasion of C. albicans observed during 
reoxygenation likely contributes to the infection phenotype at this condition. One possible 
explanation for the increased invasion ability is the impairment of tight junctions upon 
reoxygenation. Even though no significant difference in quantitative expression of 
junctional proteins was observed for mock-infected enterocytes under the different 
oxygen regimens, this does not exclude that structural alterations impact barrier function. 
Furthermore, the expression of junctional proteins was determined 24 h after oxygen 
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switches took place. Thus, a temporary barrier breakdown, repaired within the 24h time 
period, appears possible as previous studies showed that damaged epithelial cell layers 
quickly repair the barrier defect 171,172. Even a time-limited breakdown of tight junctions 
could have been sufficient to enhance invasion 121. A previous study furthermore showed 
that the tight junctions of enterocytes are impaired during C. albicans infection leading to 
a barrier breakdown 122. This is accompanied with a decrease in TEER and in turn 
increases the invasion ability of C. albicans 121. TEER reduction after fungal infection was 
observed during all oxygen regimes used in this study but the strongest decrease 
occurred following reoxygenation, accompanied with significantly increased permeability 
for RITC dextran, indicating impaired tight junctions. Whereas the main route of invasion 
into intestinal epithelial cells is the transcellular route via active penetration mediated by 
C. albicans hyphae 40,115,120, independent of tight junctions 121, it was shown previously 
that impaired tight junctions induces endocytosis of C. albicans by enterocytes 
contributing to fungal invasion 121. The impairment of tight junctions would provide 
access to the underlying adherens junctions, like E-Cadherin which expression was 
shown to be reduced at late time points of C. albicans infection progression 122. Thus, 
impaired tight junctions could facilitate the fungal access to the adherens junctions 
mediating induced endocytosis. Consistent with this hypothesis, a C. albicans SSA1 
deletion mutant showed an invasion and damage defect at reoxygenation only. As Ssa1 
mediates induced endocytosis 44, it appears likely that induced endocytosis contributes 
to fungal invasion during reoxygenation. This further indicates that tight junctions are 
impaired at this oxygen condition. An increased impairment of tight junctions could be 
due to a proteolytic degradation by fungal proteases. It is known that Saps, especially 
Sap5, are able to proteolytically degrade the adherens junction protein E-Cadherin 173. 
Thus, it appears likely that tight junction proteins can also be degraded by fungal 
proteases. But so far, the role of fungal proteases in the tight junction degradation and 
whether their secretion is oxygen-dependent has not been investigated. Furthermore, it 
was shown previously that bacterial proteases are able to cleave the tight junction 
protein Occludin 174. Another way of action of bacterial proteases to degrade and 
redistribute Occludin is mediated via the action of the host cysteine protease calpain 175. 
Additionally, the infection of airway epithelial cells with Pseudomonas aeruginosa was 
shown to induce the cleavage and redistribution of Occludin by calpain via TLR2 
signaling 176. Thus, it could be possible that C. albicans also activates host-endogenous 
proteases leading to degradation and redistribution of the tight junction proteins 
promoting invasion via induced endocytosis.  
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5.3. HIF-1α mediates protection during hypoxic shock 
Another factor that likely contributes to the enhanced susceptibility at reoxygenation is 
the low expression level of HIF-1α. This key regulator of hypoxic adaptation in human 
cells was already shown to be important for enterocyte barrier function 87, for example 
during inflammation84, but also for the protection and defense against microbial 
pathogens like Aspergillus fumigatus 108,110, Gram-positive group A Streptococcus 158 and 
Mycobacterium marinum 156. The induction of HIF-1α by CoCl2 prior to and early during 
infection significantly decreased the fungal-mediated damage of enterocytes that 
underwent reoxygenation-like conditions or were constantly cultured under normoxia. 
This demonstrates a protective effect of HIF-1α. With regard to the effect of HIF-1α on 
barrier function, the low HIF-1α expression of enterocytes at reoxygenation prior to and 
early during C. albicans infection seems to contribute to the significant increase in 
fungal-mediated damage. In contrast, HIF-1α levels of enterocytes were elevated at 
hypoxic shock compared to reoxygenation prior to and early during the infection with 
C. albicans. Since the induction of HIF-1α by CoCl2 at the onset of fungal infection (0 h – 
4.5 h) led to decreased enterocyte damage at all oxygen availabilities used in this study, 
HIF-1α appears to contribute to the protective effect observed at hypoxic shock. Thus, 
the expression of HIF-1α at early time points of infection rather than at late time points 
inversely correlates with the enterocyte susceptibility. This would also explain the 
significantly increased damage after fungal infection at normoxia and reoxygenation for 
enterocytes treated with the HIF-1α inhibitor BAY 87-2243: HIF-1α expression was 
strongly decreased at these conditions prior to and 4.5 h after fungal and mock-infection. 
But whereas the efficacy of BAY 87-2243 was maintained after mock-infection, fungal 
infection diminished its inhibitory effect. This could be due to a microbe-induced 
expression or stabilization of HIF-1α, as shown for bacteria and A. fumigatus 108,110,157,158, 
overriding the indirect inhibitory effect of BAY 87-2243 mediated by inhibition of the 
mitochondrial complex I which prevents the inhibition of prolyl hydroxylases (PHDs) 
causing degradation of HIF-1α 177. 
A previous study showed that Bacteroides thetaiotamicron-mediated protection against 
C. albicans involves HIF-1α-dependent production of the cathelicidin LL-37 109. In this 
study, however, no oxygen-dependent differences in LL-37 production were observed 
and the amount of LL-37 produced was even highest after reoxygenation and infection, 
the condition associated with the highest enterocyte damage. Thus, the secretion of LL-
37 did not protect enterocytes from the fungal-mediated damage and the impaired barrier 
integrity during reoxygenation. One possible explanation is the low LL-37 concentration 
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detected in this study (0.3 – 0.6 ng/ml) which was below concentrations previously 
shown to be effective against C. albicans (4.4 µM, equivalent to ~ 20 µg/ml, to 20 µM) 
150,151,178. While this suggests that the protective effect of HIF-1α observed here is 
independent of LL-37, oxygen availability could affect the sensitivity of C. albicans to LL-
37, as it was shown for Escherichia coli and group A Streptococcus pyogenes 179. In 
addition, hypoxia supports the efficacy of the human AMP β-defensin 2 against the 
intracellular pathogen Mycobacterium tuberculosis 180. Thereby, LL-37 might be more 
effective at low oxygen, even though no quantitative differences were observed. Hypoxia 
was furthermore found to induce structural changes in the human β-defensin 1 which 
enhances its antimicrobial activity 181. Whether oxygen affects structure and efficacy of 
LL-37 is not known. Finally, it is possible that other AMPs, like human defensins, are 
produced in higher amounts at low oxygen concentrations and contribute to the 
protective effect of hypoxic shock. 
Another way by which HIF-1α could mediate the protective effect at hypoxic shock is the 
induction of growth factors that in turn induce mitogen-activated protein kinase (MAPK) 
and phosphatidylinositide-3-kinase (PI3K) signaling pathways. These have been shown 
to promote cell survival and proliferation 102,103,105,106. Furthermore, induction of PI3K/Akt 
signaling pathway plays a key role in the protection of oral epithelial cells against 
C. albicans-induced damage 182. A similar pathway could contribute to the protection of 
enterocytes. Furthermore, the metabolic shift from oxidative phosphorylation toward 
glycolysis is mediated by HIF-1α 100,103,106,108, ensuring appropriate energy production at 
hypoxic conditions. This was shown to be the basis for trained immunity of monocytes 
183. It was shown that HIF-1α contributes to the control of bacterial infections by inducing 
this metabolic shift 183,184. As HIF-1α is also able to induce cellular resistance to radiation 
in B-cell lymphocytes 185, and is activated in response to nutrient insufficiency to cope 
with stress 101, it is likely that several pathways simultaneously contribute to the 
protective effect of HIF-1α on enterocytes during C. albicans infection at hypoxic shock. 
5.4. Fungal contribution to oxygen-dependent enterocyte damage 
The protective effect observed during hypoxic shock, indicated by reduced damage, 
retained barrier function and reduced fungal translocation, seems to be also partially 
mediated by reduced fungal growth and filament elongation during the early stages of 
infection. This likely contributes to the decreased invasion and subsequent damage, as 
events early during the C. albicans-enterocyte interaction appears to be decisive for the 
damage outcome at 24 h p.i. The reduced fungal growth and filamentation at low oxygen 
during early cultivation time points was also observed in the absence of enterocytes. As 
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growth parameters and filamentation after 24 h were comparable at high and low 
oxygen, a prolonged adaptation phase rather than a general growth defect appears to be 
the underlying cause of the differences. In this context it should be noted that C. albicans 
pre-cultures used for experiments were cultivated at normoxic conditions, and thus, the 
fungus had to adapt to low oxygen at the onset of infection. Although the transcriptional 
response of C. albicans to hypoxia occurs within 30 min 48, the decreased oxygen supply 
initially also affects energy production which is important for the cell wall biosynthesis 
and, hence, for fungal growth 45. Furthermore, hypoxia leads to depletion of ergosterol 
from fungal membranes as the ergosterol biosynthesis is diminished 47, which likely 
contributes to the reduced fungal growth. After the fungal metabolism has adapted to the 
hypoxic condition via induction of genes responsible for glycolysis and ergosterol 
biosynthesis 47,48, growth of C. albicans could be restored. This possible explanation is 
consistent with the fungal growth behavior observed in this study. Thus, hypoxic pre-
culture of C. albicans might prevent this adaptation phase and possibly prevent the 
effects of hypoxia on initial fungal growth at infection. This, however, still needs to be 
tested experimentally. 
That the fungal adaptation to hypoxic conditions is crucial for the interaction with host 
cells was shown in this study by using C. albicans mutants deficient for factors involved 
in hypoxic adaptation. The deletion of ACE2, EFG1 and UPC2, which are important for 
ergosterol synthesis, the filamentous response, and the general response to hypoxia 
49,57, led to an oxygen-independent virulence defect. This reveals the general importance 
of fungal growth and filamentation for host cell damage. In contrast, the deletion of 
TYE7, the central transcriptional regulator of the carbohydrate metabolism and therefore 
for the glycolytic pathway 59, revealed an oxygen-dependent phenotype as the damage 
capability of this mutant was attenuated only at hypoxia and hypoxic shock. Importantly, 
a previous study showed that a TYE7 deletion mutant is largely impaired in GIT 
colonization of mice but is not attenuated during systemic infections 60. In the context of 
the work presented here, this suggests that the adaptation of C. albicans to low oxygen 
availability as performed here in vitro is also relevant for fungal survival in the gut in vivo, 
and that the in vitro model recapitulates important aspects of in vivo Candida-enterocyte 
interactions.  
In addition to the fungal adaptation to hypoxia, C. albicans seems to be influenced by the 
enterocytes, as hyphae were significantly shorter on enterocytes subjected to hypoxic 
shock compared to those grown at constant hypoxia. As the oxygen availability for 
C. albicans was the same at both oxygen regimes, this difference in filamentation seems 
to be host-dependent. Lactate production, reduction of glucose, and the oxygen-
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dependent release of soluble factors could be excluded as factors influencing fungal 
filamentation. Thus, the influence of the host seems to be mediated by direct cell-cell-
contact which is supported by the differences in fungal adhesion. As in the clinical setting 
ischemic hypoxia occurs prior to reoxygenation, it is likely that the increased number of 
adhered fungal cells at hypoxic shock in combination with the subsequent increased 
invasion at reoxygenation contributes to increased tissue damage and translocation. The 
raised fungal adhesion ability could be mediated via an increased expression of fungal 
adhesins and/or their binding targets on the surface of enterocytes at hypoxic shock. For 
endothelial cells it was already shown that a reduced oxygen supply increased the 
expression of cell adhesion molecules like cadherins which enhances the neutrophil 
adherence 2,99. Thus, it is likely that an oxygen-dependent expression of host surface 
molecules influences fungal adherence.  
This raised the question which surface molecules of enterocytes influences the 
interaction with C. albicans. It is known that C. albicans is recognized by pattern 
recognition receptors (PRRs) from host cells of the innate immunity via the interaction 
with pathogen-associated molecular patterns (PAMPs) 114,186. Human mucosal epithelial 
cells are known to express a wide range of PRRs like the Toll-like receptors (TLRs) 
TLR2 and TLR4, and the C-type lectin receptor (CLR) Dectin-1 186-188. However, which 
PRRs mediate the recognition of C. albicans by epithelial cells, and especially IECs, is 
unknown 22,114. Additionally, the discrimination between C. albicans yeast and hyphal 
cells by epithelial cells seems to be independent of known PRRs 188. A recent study 
demonstrated that the recognition of C. albicans by human IECs is at least in part 
mediated by CEACAMs 159. Binding of C. albicans leads to an increased expression of 
membrane-bound CEACAM1 and soluble CEACAM6 and is associated with an 
immunomodulatory response 159. The findings presented here clearly showed that the 
infection with C. albicans induces the expression of both membrane-bound and soluble 
CEACAM1 and CEACAM6 in enterocytes especially at reoxygenation. This indicates an 
increased host response at these conditions which is consistent with the increased IL-8 
levels at reoxygenation, since it was shown that the CEACAM1 expression induces IL-8 
production 159, and thus correlates with the extend of fungal damage. However, it is 
unlikely that the inhibitory effect soluble CEACAM6 exerts to membrane-bound 
CEACAM1, shown by Klaile et al. 2017 159, is responsible for the protective effect seen at 
hypoxic shock conditions as the protein level of both CEACAMs were comparable at this 
condition. The exact mechanisms mediating this oxygen-dependent expression 
difference remain to be determined. Furthermore, as this study did not perform a detailed 
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analysis of host receptors involved in the fungal recognition, PRRs cannot be excluded 
to contribute to the oxygen-dependent host response. 
5.5. Conclusion 
This study revealed a significant impact of oxygen on the C. albicans-enterocyte 
interaction: not ischemia but rather reoxygenation enhances enterocyte damage, 
C. albicans invasion, and translocation. These findings are consistent with recent in vivo 
studies 94,95. Whereas reoxygenation renders the enterocytes highly susceptible to the 
fungal infection, the reduced oxygen supply during hypoxic shock led to protective 
effects regarding the barrier integrity of enterocytes and the reduced fungal translocation. 
These different infection outcomes are mediated by several factors from both the fungal 
and the host side. The increased ROS production, the low expression of HIF-1α, an 
enhanced fungal response via CEACAMs and the subsequent cytokine release, as well 
as the increased fungal growth and, thus, the increased invasion of C. albicans partly 
mediated by induced endocytosis contribute to the higher susceptibility of enterocytes at 
reoxygenation. HIF-1α does contribute to the protective effect seen at hypoxic shock 
independent of LL-37 production. The delayed fungal growth on enterocytes at low 
oxygen availabilities accounts for the reduced damage and translocation. This effect, 
however, is influenced by the host cell adaptation to oxygen via direct cell-cell-contact. 
Furthermore, the adaptation of C. albicans to hypoxia is essential for the host-fungus 
interaction. Although the detailed mechanisms remain to be elucidated, this study 
provides furthermore evidence that the early stages of the infection progression are 
crucial for the oxygen-dependent fate of enterocytes.  
More general, the results obtained in this study furthermore emphasize that cultivation 
conditions can have a significant impact on host-pathogen interactions in vitro; mimicking 
physiological conditions, including oxygen supply, is an important factor in increasing 
translatability of in vitro results to the in vivo situation. 
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7. List of Abbreviations 
 
A. Aspergillus 
AB 30 % acrylamide/bisacrylamide 30 % 
Als agglutinin-like sequence protein 
AMP antimicrobial peptide 
ANOVA analysis of variance 
APS ammonium persulfate 
ATCC American Type Culture Collection 
BCA bicinchoninic acid 
BSA bovine serum albumin 
C. Candida 
CEACAM carcinoembryonic antigen-related cell adhesion molecule 
CFUs colony forming units 
CGB collection gel buffer 
CLR C-type lectin receptor 
CoCl2 Cobalt(II) chloride 
DCF 2’7’-dichlorofluorescein 
DCFDA 2’7’-dichlorofluorescein diacetate 
ddH2O bis-distilled water 
DMEM Dulbeccos Modified Eagle’s Medium 
DMSO dimethyl sulfoxide 
DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen 
ELISA enzyme-linked immunosorbent assay 
FCS fetal calf serum 
GALT gut associated lymphoid tissue 
GIT gastrointestinal tract 
GM-CSF granulocyte-macrophage colony-stimulating factor 
GSH glutathione 
HIF hypoxia-inducible factor 
HRE hypoxic responsible elements 
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HRP horseradish peroxidase 
Hsp70 heat shock protein 70 
Hwp1 hyphal wall protein 1 
IEC intestinal epithelial cell 
IESC intestinal epithelial stem cell 
IL interleukin 
INT iodotetrazolium chloride 
IR  ischemia-reperfusion 
kDa kilodalton 
LDH lactate dehydrogenase 
LPS lipopolysaccharide 
M molar 
MCP-1 monocyte chemoattractant protein-1 
mM millimolar 
µm micrometer 
M cells microfold cells 
MAPK mitogen-activated protein kinase 
nm nanometer 
nM nanomolar 
OD optical density 
PAMP pathogen-associated molecular pattern 
PBS phosphate buffered saline 
PBST PBS supplemented with 0.01 % Tween20 
p.i. post infection 
PI3K phospatidylinositide-3-kinase 
PHD prolyl hydroxylase 
PRR pattern recognition receptor 
PVDF polyvinylidenfluorid 
RITC Rhodamine B isothiocyanate 
ROS reactive oxygen species 
rpm revolutions per minute 
RT room temperature 
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Sap secreted aspartyl protease 
SD standard deviation 
SDS sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SGB separation gel buffer  
sIgA secreted Immunoglobulin A 
SLB sample lysis buffer 
Sod superoxide dismutase 
SREBP sterol regulatory element-binding protein 
Suppl. Supplementary 
TBHP tert-butyl hydrogen peroxide 
TBST Tris-buffered saline supplemented with Tween20 
TEER transepithelial electrical resistance 
TEMED N,N,N’,N’-tetramethylethylendiamine 
TLR Toll-like receptor 
TNFα tumor necrosis factor α 
VHL von Hippel Lindau protein 
v/v volume per volume 
VVC vulvovaginal candidiasis 
WR Working Reagent 
wt wild-type 
w/w weight per weight 
YPD yeast peptone dextrose 
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8. Appendix 
8.1. Supplementary Figures 
 
Suppl. Figure 1: Western Blot analysis of the expression of cell junction proteins. The 
protein expression of the tight junction (Claudin-4, Occludin) and the adherens junction (E-
Cadherin) proteins was determined from seven days old C2BBe1 cells via Western Blot using 
whole cell lysates in RIPA lysis buffer. 12.5 % acrylamide separation gels were used for the 
detection of Occludin and Claudin-4 and 10 % acrylamide separation gels were used to detect E-
Cadherin. 15 µg protein per sample were used. Western Blots shown are representative for three 
individual experiments.  
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Suppl. Figure 2: Western Blot analysis of the HIF-1α expression. The protein expression of 
HIF-1α was determined from seven days old (A) mock-infected, (B) C. albicans-infected and (C) 
mock-infected enterocytes treated with 200 µM CoCl2 (positive control). 15 µl of whole cell lysates 
in 1x SLB and 7.5 % acrylamide separation gels were used for the detection of HIF-1α protein 
bands via Western Blot. Western Blots shown are representative for three individual experiments. 
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Suppl. Figure 3: The treatment of C. albicans with CoCl2 inhibits filamentation. C. albicans 
cells were seeded on collagen I-coated wells without enterocytes in DMEM for 4.5 h and 24 h at 
both 1 % and 21 % O2, 37 °C and 5 % CO2. Respective fungal cells were treated with 200 µM 
CoCl2. Filamentation was documented using an inverse light microscope with the software ZEN 2 
(Carl Zeiss Microscopy GmbH). Representative pictures are shown. 
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Suppl. Figure 4: Western Blot analysis of HIF-1α expression in CoCl2- and BAY 87-2243-
treated enterocytes prior to mock-/infection. The protein expression of HIF-1α was determined 
from seven days old enterocytes immediately before mock- or fungal infection but 1.5 h after 
respective oxygen shifts. C2BBe1 cells were treated with 200 µM CoCl2 (24 h; abbreviation C), 
100 nM BAY 87-2243 (5 h; abbreviation B) or left untreated (−). 15 µl of whole cell lysates in 
1x SLB and 7.5 % acrylamide separation gels were used for the detection of HIF-1α protein bands 
via Western Blot. Western Blots shown are representative for three individual experiments. 
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Suppl. Figure 5: Western Blot analysis of HIF-1α expression in CoCl2- and BAY 87-2243-
treated enterocytes after mock-infection. The protein expression of HIF-1α was determined 
from seven days old enterocytes (A) 4.5 h and (B) 24 h after mock-infection. Prior to mock-
infection, C2BBe1 cultures were treated with 200 µM CoCl2 (24 h; abbreviation C), 100 nM BAY 
87-2243 (5 h; abbreviation B) or left untreated (−). In parallel to mock-infection, the respective 
enterocyte cultures were treated with 100 nM BAY 87-2243. 15 µl of whole cell lysates in 1x SLB 
and 7.5 % acrylamide separation gels were used for the detection of HIF-1α protein bands via 
Western Blot. Western Blots shown are representative for three individual experiments. 
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Suppl. Figure 6: Western Blot analysis of HIF-1α expression in CoCl2- and BAY 87-2243-
treated enterocytes after infection with C. albicans. The protein expression of HIF-1α was 
determined from seven days old enterocytes (A) 4.5 h and (B) 24 h after fungal infection. Prior to 
infection with C. albicans, C2BBe1 cultures were treated with 200 µM CoCl2 (24 h; abbreviation 
C), 100 nM BAY 87-2243 (5 h; abbreviation B) or left untreated (−). In parallel to fungal infection, 
the respective enterocyte cultures were treated with 100 nM BAY 87-2243. 15 µl of whole cell 
lysates in 1x SLB and 7.5 % acrylamide separation gels were used for the detection of HIF-1α 
protein bands via Western Blot. Western Blots shown are representative for three individual 
experiments. 
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Suppl. Figure 7: Western Blot analysis of CEACAM1 and CEACAM6 protein expression. 
The protein expression of CEACAM1 (CC1) and CEACAM6 (CC6) was determined from seven 
days old mock- and C. albicans-infected enterocytes using (A) cell lysates from whole cell 
extracts in RIPA lysis buffer and (B) cell culture supernatants. 10 µg of protein per cell lysate 
(1 µg for reoxygenation samples of C. albicans-infected C2BBe1 cultures) and corresponding 
volumes of cell culture supernatants were used for the detection of the CEACAM protein bands 
via Western Blot. Western Blots shown are representative for three individual experiments. 
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Engert-Ellenberger, N., Mikolajczyk, R., Gressler, E., Dietrich, S., Klaile, E., Förster, 
T.M., Bauer, M., Jungnickel, B., Figge, M.T., Slevogt, H., Hube, B., Jacobsen, I.D.: 
“Oxygen availability influences the interaction of Candida albicans with enterocytes.” in 
preparation for submission to PLOS Pathogens 
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06/2018  5th Joint Meeting of “Invasive Mycoses in Haematological Malignancies”  
 (IMIHM) XII and the Collaborative Research Center/Transregio 124  
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 Würzburg. Influence of hypoxia on the interaction of Candida albicans with  
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